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EXECUTIVE SUMMARY 
 
Hydrogen is considered to be an important fuel for the future because of its high energy 
content per unit mass and the possibility of production from renewable energy and used in a 
fuel cell to provide a sustainable zero-emission energy system.  
Storing hydrogen is often considered a barrier to its widespread introduction in a sustainable 
energy economy. Hydrogen can be stored as pressurised gas, cryogenic liquid, and as 
chemical or physical combination with materials, such as metal hydrides or carbon particles. 
The main limitations of metal hydride storage are that the weight percent of stored hydrogen 
is still low, usually less than 2 wt%, and they are very expensive since most hydrogen storage 
alloys employ costly rare earth elements  
 
Recent work at RMIT University has proposed and investigated experimentally the 
innovative concept of integrating a metal hydride (MH) storage into a unitised regenerative 
fuel cell (URFC). This integration was achieved by constructing one electrode of the cell 
from MH material so that H+ ions emerging from the membrane enter the solid storage 
directly and then react with electrons and the metal atoms to form metal hydride. The novel 
system was called a “proton flow battery” (or more simply a “proton battery”), because in 
charging mode just an inflow of water is needed, and in discharge mode just air is fed into the 
cell.  
 
The research at RMIT University has focussed on investigating electrochemical storage of 
hydrogen in porous carbon-based electrodes. Promising results were obtained using various 
forms of activated carbon with a dilute acid as the liquid electrolyte and proton conductor. 
However, prior to the present project it had not been shown convincingly that a proton battery 
with such a hydrogen-storage electrode was technically feasible.  
 
The present project has therefore continued the investigation of carbon-based hydrogen 
storage electrodes for a proton battery.  
 
The aim of this project is therefore to investigate theoretically and experimentally proton 
transport between a membrane in a reversible fuel cell and a carbon-based hydrogen storage 
material. 
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The objectives of the project are: 
• To review the literature on proton conduction in electrolytes that penetrate into porous 
carbon-based materials, and the electric charge distributions and electrochemical 
reactions that take place on the inner and outer surfaces of the carbon particles 
• To obtain theoretical estimates of the electron conductivity through the carbon 
particles, and proton conductivity through the proton conducting electrolyte within the 
hydrogen storage material using classical electrical conductivity and potential theory, 
and classical theories of diffusion through tortuous porous media, and MATLAB 
simulations  
• To gain an improved understanding at the nanoscale of the movement of protons, 
other ions, and electrons, and the associated electrochemical reactions, at or near the 
surfaces of carbon electrode materials using galvanostatic charging and discharging 
approach. 
• To compare estimates of the double-layer capacitance and hydrogen storage potential 
of a selection of composite electrodes made from various carbon materials and 
interspersed proton-conducting media, with experimental measurements 
• To identify the structures and compositions of composite electrodes that promise to 
have the best performance as supercapacitors and/or hydrogen storage media.  
 
 
The main research questions addressed are: 
 
• To what extent can the theoretical model developed represent the hydrogen 
storage process in the selected carbon-based material? 
• What are the key structural and electrochemical characteristics and properties 
of carbon-based hydrogen storage material that are dual proton and electron 
conductors and suitable for use in a proton battery? 
• To what extent the best-performing material can be used in a proton battery 
device? 
 
This thesis has contributed to a better understanding of the process of hydrogen movement 
and storage in carbon-based material by developing a theoretical analysis and introducing the 
17 
 
effect of input variables into the shape of the theoretical V-I curve obtained for different 
structural carbon-based electrodes. 
A one-dimensional theoretical analysis normal to the active surface of the electrodes in a 
reversible electrochemical cell has been developed. A Butler-Volmer type equation related 
the rate of adsorption of hydrogen to the potential difference between the activated carbon 
surface and the electrolyte in the porous hydrogen storage electrode. A second-order 
differential equation has been derived that relates the potential between the proton conducting 
medium and the hydrogen-storage medium.  
A MATLAB program has been developed to solve the equation numerically. It was shown 
that changing the charge transfer coefficient on both sides changed the slope of both 
overpotential and V-I curves, while changing the exchange current density shifted these V-I 
curves up and down. Increasing the exchange current density decreased the overpotential in 
charging mode to obtain a given current. The reversible potential affected the cut-in value of 
voltage at which current starts to increase on the V-I curve.  
The VI curves generated using the theoretical model and Matlab solution in electrolyser 
mode for a reversible electrochemical cell were found to be able to fit the corresponding 
experimental curves accurately.  
The first experimental component of the thesis involved measuring the hydrogen storage 
capacities of carbon-based electrodes with a liquid acidic electrolyte. Four different forms of 
carbon were used to make sample electrodes: a commercial activated charcoal (Norit); an 
activated carbon made by treating phenolic resin with KOH at high temperature; spherical 
graphite, as used in lithium ion batteries; and ‘graphene platelets’ comprising around 20 
stacked layers of graphene. Solid electrodes from these carbons were fabricated using a PTFE 
binder.  
Their bulk electron and proton conductivities, double layer capacitance, and reversible 
electrochemical hydrogen storage capacity when soaked in a dilute sulphuric acid electrolyte 
(as ‘internal’ proton conductor) were then measured. The electron conductivity of the 
samples was found to be in the range 4 to 12 S/cm, which compares to 16 S/cm for pure 
graphite. Their proton conductivities, due to the acid filling the pores, was found in the range 
0.001 – 0.016 S/cm, compared, for example, to that of 1 M dilute sulphuric acid and fully 
hydrated nafion of ~0.1 S/cm. The double-layer capacitance of the carbon electrodes was 
18 
 
found to be in the range of 6–15 F/g, which compares to 200 F/g for supercapacitor materials. 
The total reversible electrochemical hydrogen storage capacities of the carbon electrodes 
immersed in 1 M  dilute sulphuric acid were in the range of 0.01– 0.6 mass%.  
The porous activated carbons investigated in this project showed better performance in 
storing hydrogen than the graphitic carbon-base materials. Specifically, porous activated 
carbon made from phenolic resin activated by KOH 1:7 with high BET surface area at around 
3800 m2/g revealed highest amount of hydrogen storage by 0.6 wt% compared to spherical 
graphite at 0.2 wt%. 
A possible explanation for storing more hydrogen in porous activated carbon than the 
graphite is as the liquid electrolyte (1 Mol sulphuric acid) can penetrate into the meso and 
microporos channels of the activated carbon, the protons are transported to the active storage 
site and hence the storage wt% is higher than the graphite samples which the proton could not 
penetrate between the gaps of the graphite layers.  
The second experimental component of the thesis involved measuring the reversible 
hydrogen storage performance of the best performing carbon material identified from the 
earlier experiments in a proton battery. The aC KOH 1:7 sample was selected since it yielded 
the highest wt% hydrogen stored based upon the electrochemical hydrogen storage capacity 
experiment. This activated carbon had substantial micropore and mesopore volumes, a 
combination suitable for storing hydrogen.  
It was therefore shown successfully that hydrogen can be stored electrochemically in the 
activated carbon electrode soaked in dilute sulphuric acid in a proton battery. Two samples 
from phenolic resin with 10 wt% and 30 wt% PTFE as binder were tested and the results 
showed that the more PTFE used, the less the hydrogen storage wt% obtained. The results for 
the non-optimised proton battery and carbon-based electrode showed the maximum amount 
of hydrogen storage was very nearly 1 wt%, while in discharge mode 0.83 wt% was released.  
Overall this thesis has shown for the first time that a proton battery with an integrated solid 
carbon-based hydrogen storage electrode is technically feasible.  
It is recommended that further detailed study be conducted to evaluate and investigate the 
performance in a proton battery of other forms of carbon-based materials such as carbon 
hydrogels and carbon nanotubes, which can be designed and fabricated with the desired 
19 
 
properties to improve and optimise the performance of this promising new battery 
technology. 
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1. INTRODUCTION 
 
1.1 Background 
 
Hydrogen is considered to be an important fuel for the future because of its high energy 
content per unit mass and the possibility of using hydrogen produced from renewable energy 
in a fuel cell. Nowadays hydrogen plays a very limited role in the energy industry, but is used 
for a variety of purposes in a range of other industries (Andrews and Shabani 2013). 
Considering that fossil fuel resources are limited in supply, hydrogen produced from 
renewable energy can be a good substitute, since it is a sustainable and zero-greenhouse gas 
emission option. Jacobson and Delucchi (2011), for example, made extensive use of 
hydrogen produced by electrolysis of water using renewable energy sources of electricity in 
their global energy scenario to achieve radical greenhouse gas reduction targets. The role of 
hydrogen in their scenario was concentrated in the medium and heavy road transport, rail, 
sea, and air transport sectors. Unlike fossil fuels, hydrogen is environmentally friendly and 
non-polluting simply because its combustion product is water. Provided it is produced by 
renewable energy source, it is a zero greenhouse gas emission fuel (Pozzo and Alfe, 2009). 
Storing hydrogen is often considered a barrier to its widespread introduction in a sustainable 
energy economy (Züttel, 2008). Hydrogen can be stored as pressurised gas, cryogenic liquid, 
and as chemical or physical combination with materials, such as metal hydrides (Sakintuna et 
al. 2007) or carbon particles (Jurewicz et al. 2001). The main limitations of metal hydride 
storage are that the weight percent of stored hydrogen is still low, usually less than 2 wt%, 
and they are very expensive since most hydrogen storage alloys employ costly rare earth 
elements (Zhou, 2004).  
 
At RMIT University, Andrews and Seif Mohammadi (2014) have recently proposed and  
investigated experimentally the innovative concept of integrating a metal hydride (MH) 
storage into a unitised regenerative fuel cell (URFC) that is undertaking the water splitting 
(Andrews and Seif Mohammadi, 2014). This integration was achieved by constructing one 
electrode of the cell from MH material so that H+ ions emerging from the membrane enter the 
solid storage directly and then react with electrons and the metal atoms to form metal 
hydride. For discharge mode or fuel cell usage, hydrogen atoms are released from a very 
weak bond with metal atoms in low temperature (less than 100 C). These released hydrogen 
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atoms then give up an electron to the metal atoms and move toward the nafion membrane due 
to an electrical field. They called their system a “proton flow battery” because in charging 
mode just an inflow of water is needed, and in discharge mode just air is fed into the cell. 
  
Jazaeri (2014), in his M Eng (by research) thesis at RMIT University investigated the 
feasibility of a unitised regenerative fuel cell with a reversible carbon-based hydrogen storage 
electrode.  
 
Amandeep Oberoi (2015) continued Jazaeri (2014) work by using activated carbon for the 
electrochemical hydrogen storage. The results in his work proved that porous activated 
carbon is a suitable material for hydrogen storage (Oberoi et al. 2015), but the experiments 
conducted on a proton battery with a carbon-based electrode had a number of anomalous 
results that could not be explained within the scope of that study. 
 
The present project continues the investigation of hydrogen storage electrodes for a proton 
battery from the stages where Andrews and Seif Mohammadi (2014), Jazaeri (2014), Oberoi 
et al. (2015) have reached. Here in this thesis the name ‘proton flow battery’ has been 
shortened to ‘proton battery’ for economy of expression, but these names are used 
synonymously. 
 
In particular, this project seeks to develop an improved theoretical understanding of the 
processes of hydrogen diffusion into carbon-based electrodes, and subsequent bonding to 
surface carbon atoms within these porous media. Experiments have then been conducted to 
test the theoretical predictions, and prove the technical feasibility of a proton battery with a 
carbon-based storage electrode. 
 
1.2 Aim and, objectives  
 
The aim of this project is therefore to investigate theoretically and experimentally proton 
transport between a membrane in a reversible fuel cell and a carbon-based hydrogen storage 
material. 
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The objectives of the project are as follows: 
• To review the literature on proton conduction in electrolytes that penetrate into porous 
carbon-based materials, and the electric charge distributions and electrochemical 
reactions that take place on the inner and outer surfaces of the carbon particles 
• To obtain theoretical estimates of the electron conductivity through the carbon 
particles, and proton conductivity through the proton conducting electrolyte within the 
hydrogen storage material using classical electrical conductivity and potential theory, 
and classical theories of diffusion through tortuous porous media, and MATLAB 
simulations  
• To gain an improved understanding at the nanoscale of the movement of protons, 
other ions, and electrons, and the associated electrochemical reactions, at or near the 
surfaces of carbon electrode materials using galvanostatic charging and discharging 
approach. 
• To compare estimates of the double-layer capacitance and hydrogen storage potential 
of a selection of composite electrodes made from various carbon materials and 
interspersed proton-conducting media, with experimental measurements 
• To identify the structures and compositions of composite electrodes that promise to 
have the best performance as supercapacitors and/or hydrogen storage media.  
 
 
1.3 Research questions 
 
The main research questions addressed are: 
 
• To what extent can the theoretical model developed represent the hydrogen 
storage process in the selected carbon-based material? 
• What are the key structural and electrochemical characteristics and properties 
of carbon-based hydrogen storage material that are dual proton and electron 
conductors and suitable for use in a proton battery? 
• To what extent the best-performing material can be used in a proton battery 
device? 
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1.4 Scope 
 
The scope of this project is limited to: 
 
▪ Theoretical analysis on the proton transport into carbon-based electrodes made 
from a relatively small selection of carbon samples 
▪ Hydrogen storage material suitable for use with reversible PEM fuel cells in a 
proton battery set-up. 
 
The research has sought to improve theoretical understanding of the processes of proton 
diffusion and bonding in composite carbon electrodes. This improved understanding is 
critical for the further development of the novel proton battery concept. 
More generally, developing systems based on the proton battery can facilitate the usage of 
renewable energy hydrogen systems in society and industry in order to reduce greenhouse gas 
emissions and also development of more cost effective and reliable RAPS systems. 
Australian industry can also benefit from this project because of its potential industrial 
development opportunities. 
Potential advantages of the carbon-based storage electrodes studied in the present project, 
compared to metal hydrides are the following: 
• Higher mass and volumetric energy densities of the hydrogen stored in carbon 
materials 
• Lower roundtrip energy losses since the weak bonds between the C atoms and 
hydrogen can be easily formed and broken when hydrogen is released to be used. 
 
Potential areas of application of the proton battery, incorporating the carbon electrodes 
studied in the present project, are the following: 
 
▪ Electrical energy storage in central electricity grids with major energy inputs 
from inherently variable renewable 
▪ As a hydrogen energy store for solar and wind systems for remote, other 
standalone and back-up power supplies 
▪ For energy storage in consumer electronics 
▪ An integrated hydrogen storage and fuel cell for hydrogen fuel cell vehicles. 
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The research in the present project remains quite fundamental, so that it will take some time 
before these ultimate benefits in terms of practical applications of the proton battery concept 
can be realised. 
 
1.5 Planned outcomes 
 
The planned outcomes of the project were the following: 
• A better theoretical understanding of: 
 
o The process of proton / hydronium diffusion in the nafion or other proton 
conducting medium between the carbon particles. 
o The extent of proton conduction medium penetration into the pores of varying 
sizes within the carbon particles. 
o Whether we need an additional proton conduction medium, e.g. liquid acids or 
protic ionic liquids (see Tremblay et al. (2013), to enable protons to reach 
potential storage sites within the ultra-micro pores of carbon based electrode. 
o The pore structure and surface chemistry within carbon based material that is 
best suited for reversible hydrogen storage. 
o The form(s) of bonding, and the associated binding energy, between 
hydronium/ protons and the inner carbon surfaces of the pores within carbon 
particles that is most suitable for reversible hydrogen storage in this 
application. 
 
These theoretical studies are complemented by some experimental work on measuring the 
hydrogen storage capacity and double-layer capacitance of electrodes made from activated 
carbon soaked in a number of different proton conducting liquids; and, most importantly, 
investigating the performance of the most promising of these electrodes in a proton battery.  
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1.6  Guide to thesis 
 
In chapter 2, the overall method used for the present project is discussed and the activities 
done through this research from beginning to the end is shown. 
In chapter 3, a comprehensive study on the previous works on electrochemical storage of 
hydrogen is discussed in details. The earlier works and findings conducted at RMIT 
University are presented.  
In chapter 4, a theoretical analysis on the concept of hydrogen movement and storage in 
electrolyser mode is presented. 
In chapter 5, a set of MATLAB codes has been developed based on the theoretical 
approaches explained in chapter 4 and solving these equations numerically. A comprehensive 
parametric study on the effect of changing variable inputs on the voltage-current curves 
generated has been conducted. 
In Chapter 6, the double-layer capacitance and hydrogen storage capacity measurements of 
selected carbon-based electrodes are reported. The experimental procedures employed are 
described in detail along with the data obtained. 
In Chapter 7, the concept of proton battery is covered. Design modification and construction 
of the proton battery with a solid state carbon-based electrode is described. Design of a test-
rig is presented and the testing procedure is discussed in details. The performance of the best-
performing activated carbon electrode in charge and discharge mode is reported.  
Chapter 8 draws on all the theoretical analysis and experimental results to provide answers to 
the research questions set for this thesis. Additional conclusions from the research are 
presented and recommendations for the future research direction in this area made. 
Finally the list of publication is presented at the end of the thesis. 
 
 
 
26 
 
2. METHOD 
 
2.1  Overall methodological approach 
 
This research has involved theoretical investigations on proton movement in carbon-based 
electrodes based on classical electromagnetic theory, and simplified one-dimensional models. 
The equations for the electric potentials and current density derived from theory were solved 
numerically using MATLAB. These modelling results were employed in a complementary 
way to the basic theory, to develop a better understanding of the processes occurring. Key 
outputs from the modelling were voltage – current curves for the electrochemical cells 
studied, and these were compared with the experimental measurements. The combined 
findings from the experimental and theoretical/computer modelling programs are used to 
draw conclusions about preferred designs for suitable carbon-based electrode used in 
hydrogen fuel cell and proton battery.  
 
2.2  Theoretical investigations 
 
In this part of the study, the process of hydrogen generation, hydrogen movement and 
hydrogen bonding with carbon particles has been investigated. A theoretical model is 
presented of the process of H+ ion (proton) conduction through an acid electrolyte into a 
highly porous activated carbon electrode where it is neutralised and absorbed on the inner 
surfaces of pores. It is important to mention here that the hydrogen storage process can be in 
the form of adsorption of hydronium to the charged surfaces of carbon-based material, or a 
chemical reaction between protons and carbon particles. A Butler-Volmer type equation is 
employed to relate the rate of adsorption of protons which are mainly in the form of 
hydronium to the potential difference between the activated carbon surface and the 
electrolyte. 
 
This model for the hydrogen storage electrode was then incorporated into a more general 
computer model based on MATLAB software of the entire electrochemical cell including the 
oxygen electrode. Hence a theoretical voltage-current curve was generated for given input 
parameters for a particular carbon-based electrode. The effect of changing variable input 
parameters such as exchange current density and charge transfer coefficient has been 
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investigated. The values for the input parameters on the hydrogen-side electrode that 
generated a VI curve that best fitted the corresponding experimental VI curve are found by 
minimising the voltage differences between the curves for each value of current. The values 
of exchange current density for each selected carbon electrode on the hydrogen side indicate 
the attractiveness of the storage process of the carbon hydrogen reaction. The presented 
charge transfer coefficient values show the reversibility of the hydrogen storage process.  
 
 
2.3  Experimental procedures 
 
2.3.1 Carbon-base materials as the hydrogen storage medium 
 
As the literature indicates a range of carbon-based materials offer potential advantages in the 
field of energy storage (A. Zuttel et al. 2010). In this research different types of carbon-based 
material such as activated carbon, graphene platelets and spherical graphite have been chosen 
to investigate their electrochemical hydrogen storage capacity. The previous works at RMIT 
(S. Mohammadi 2013 and J. Jazaeri 2013 respectively) showed some promising results in 
case of using activated carbon in a proton battery but the outcomes of their research was 
much lower than the desired values. This research then has been conducted to overcome the 
limitations of the previous works and also to present a better understanding of the process of 
hydrogen storage in the carbon-based materials. 
2.3.2 Fabrication of solid-state electrode  
  
The activated carbon powders made from phenolic resin KOH 1:7 were supplied by Dr 
Mamun Mollah from Monash University. The previous work at RMIT (Oberoi, 2015) 
showed that this sample performs well in terms of hydrogen storage in an electrochemical 
hydrogen storage cell. Two graphitic types of carbon-base material has also been candidate to 
investigate the hydrogen storage capacity.  
The method used to fabricate the carbon-based electrodes for testing was to mix the primary 
carbon powders with PTFE solution followed by heating so that the PTFE served as the 
binder. The details of this procedure are given in chapter 6. 
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Proton conductivity of all selected carbon-based material has been measured within an 
electrode soaked in dilute acid. The electron conductivity of the carbon composite samples 
was measured simply by using a multimeter. 
2.3.3 Double layer capacitance measurement 
 
Double-layer capacitance of all carbon-base electrodes was measured by cyclic voltammetry 
in a constant potential range, monitored in terms of scan rate. A typical split flat coin cell was 
employed with a non-conducting separator between the two fabricated working electrodes 
made from selected carbon materials and PTFE binder, as explained in detail in chapter 6. 
2.3.4 Hydrogen storage capacity measurement 
 
An experimental set up of combining electrochemical cell and Hofmann apparatus was 
designed and improved to measure the hydrogen storage capacity of each samples. Hydrogen 
storage capacity of all carbon sample electrodes was measured by galvanostatic charging and 
discharging approach at constant currents. The electrolytic cell in the designed set up was 
filled with 1 mol sulphuric acid to act as an electrolyte, and connected to a VERSASAT 3 
electrochemical workstation. This procedure is fully described in chapter 6. 
2.3.5 Testing the best performing electrode in proton battery 
 
The activated carbon sample from phenolic resin KOH 1:7 was tested in the proton battery to 
prove its feasibility working concept and performance (chapter 7).  Dilute sulphuric acid of 1 
mol concentration was used to act as the proton and hydronium conductor from the 
membrane into the electrode while operating the PB in E-mode. The PB was charge at the 
constant current until the rate of hydrogen gas production was double as oxygen gas 
collected. After charging the cell in E-mode the cell rested for 30 minutes and then was tested 
in discharge cycles. 
2.3.6 Activities 
 
The main activities conducted to achieve the objectives set for this research were as follow: 
 
• Literature review 
 
o Electrochemical storage of hydrogen in carbons: a state of the art review 
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• Theoretical analysis 
 
o Theoretical analysis of proton transport with an integrated hydrogen storage 
electrode 
o A general proposed model for cell potential and cell current 
o MATLAB simulation for the electrochemical cell 
o Parametric analysis, effect of varying key input parameters 
 
• Experimental design and measurements 
 
o Fabrication of hydrogen storage electrodes with selected carbon-based materials 
o Proton and electron conductivity measurement of the carbon electrodes 
o Double layer capacitance of carbon electrodes 
o Electrochemical hydrogen storage in carbon composite electrodes 
o Experimental investigation of  a proton battery with selected best-performing 
carbon-based electrodes 
 
• Thesis write up and publications 
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3 ELECTROCHEMICAL STORAGE OF HYDROGEN IN 
CARBONS: A STATE OF THE ART REVIEW 
 
3.1 Concept of reversible hydrogen fuel cell 
 
A reversible hydrogen fuel cell is an electrochemical device that operates in two modes.  In 
charging mode water is split into hydrogen and oxygen by an electrolyser, and in discharge or 
fuel cell mode, stored hydrogen and oxygen recombine together to produce electricity and 
water (Ioroi et al. 2001):  
𝐻2𝑂 + 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 + ℎ𝑒𝑎𝑡 →  𝐻2 +
1
2
𝑂2      (a)            : Charging mode 
𝐻2 +
1
2
𝑂2 → 𝐻2𝑂 + 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦𝑝𝑜𝑤𝑒𝑟 + ℎ𝑒𝑎𝑡   (b)       : Fuel cell mode 
The concept of a PEM Unitized regenerative fuel cell (URFC) was introduced in 1961, 
mainly focused on space applications (Bone et al. 1961). One of the disadvantages of their 
system was low electrochemical performance due to problems with membrane and 
electrocatalyst materials. Actually the system was suffering from chemical instability due to 
the very oxidising conditions found at anodes of water electrolysers. Later on, in 1972, 
General Electric Co. obtained promising results on the feasibility of using a PEM fuel cell in 
reversible mode (Mitlitsky et al. 1999).  
A URFC stack was first used and tested as a primary fuel cell (FC) by LLNL supported by 
US Department of Energy (DOE) in Mid 1990s. These systems included high altitude long 
endurance (HALE) solar rechargeable aircraft (SRA), Zero emission vehicle, and hybrid 
energy storage for spacecraft (Mitlitsky et al. 1999).  
 
In 1992 The Lawrence Livermore National Laboratory (LLNL) proposed URFCs as an ideal 
energy storage system to be used in unmanned long endurance aircraft (Mitlitsky et al. 1999). 
During the day power is supplied from solar energy.  In electrolysis mode, surplus electricity 
over the direct load requirement is supplied from solar panels located on the aircraft wings, 
and generates hydrogen and oxygen. The hydrogen generated is then stored in a tank and can 
be used in fuel cell mode to generate power during the night to run the electrically-driven 
propellers. Figure 1 shows the proposed model built in the US in mid 1990s. 
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Figure 1: The solar-powered aircraft with a URFC-based energy storage system built in USA in mid 1990s (Mitlitsky et 
al.1999) 
 
A portable power supply based on a reversible fuel cell was proposed and developed by 
LLNL in 1993 (Mitlitsky et al. 1999). The design was similar to their previous work. 
Actually pressurised hydrogen and oxygen were generated and stored in the storage tank in 
electrolysis mode using electricity supplied by solar PV panel. In fuel cell mode the hydrogen 
and oxygen were fed back to the URFC system to generate power and run the propeller. The 
maximum power able to be supplied was in the order of 5 W. Figure 2 shows this system. 
The URFC comprised a stack of nine cells each with active area around 46 cm2. Several 
versions of this URFC propeller unit were built to demonstrate that from low pressure water 
electrolysis can commence (using solar power) to produce pressurised hydrogen and oxygen 
in separate storage tanks (all embodied in transparent polycarbonate. The results in fuel cell 
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mode showed that the system can be useful for portable application below 5 Watts (Mitlitsky 
et al. 1999).  
 
Figure 2: LLNL/ URFC unit (Mitlitsky et al.1999) 
 
This early URFC system was developed primarily with autonomous unmanned aircraft 
vehicle (UAV) aircraft and airspace applications in mind. However, there was no information 
provided about the gas storing equipment and the amount of stored hydrogen and its rate of 
usage by the URFC.  
 
LLNL was the first organisation during 1990s to design, construct and test URFCs. Although 
all their applications mainly were limited to airspace, it was the first attempt to develop such 
a system to store energy based on solar energy that is renewable and sustainable. The United 
States was thus the early leader in this field of study due to all the companies and researchers 
involved, such as United Technology, Hamilton Standard, Giner Inc, Lynntech Inc, with 
governmental support from the US department of energy) NASA, and the US Missile 
Defence Agency aerospace application.  
 
In 1998 Proton Energy Systems has developed a commercial product (Unigen reversible 
module), consuming 15 kW on electrolysis mode and could get up to 5 kW on fuel cell mode 
(Mitlitsky et al. 1999),  
The scientists in Netherlands recently improved the R&D projects on URFC to develop 
energy supply system and power supply such as using solar PV panel to produce hydrogen 
for long term energy storage. This work has been conducted by Hynergreen Technologies, 
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Spain, Fraunhofer-Gesellschaft, Germany, NedStack Fuel Cell Technology, and others 
(Nedstack, 2007). 
In Russia, plus working with French group Grigoriev and co-worker in 2010 developed 
URFC stack made by seven electrochemical cell (each active area around 256 cm2) and by 
consuming 1.5 kW in electrolysis mode could get 0.5 kW of electricity in fuel cell mode. A 
mean cell voltage of 1.74 V has been measured during electrolyser mode at 0.5 A cm-2 (85% 
efficiency) and a mean cell voltage of 0.55 V has been measured during fuel cell mode at the 
same current density (37% electric efficiency). Figure 3 shows the experimental setup which 
has been set to evaluate the electrochemical performance of the stack. 
 
Figure 3: URFC stack with thermal insulation installed in the test bench. (Grigoriev et al. 2011) 
 
 
In China Su et al. (2009) designed, fabricated and tested the performance of a novel micro 
planar fuel cell power supplier, in which a six-cell PEM unitised regenerative fuel cell 
(URFC) stack was used as the power generator. They fixed each cell by sandwiching a 
membrane electrode assembly (MEA) between two graphite monopolar plates. When the 
stack was used in electrolysis mode, the hydrogen was generated by splitting water and stored 
using a hydrogen storage alloy as a metal hydride. In fuel cell mode, the stored hydrogen was 
supplied by the hydrogen storage alloy along with the oxygen from air. The results showed 
that at room temperature and atmospheric pressure, the open circuit voltage of the stack 
reached at around 4.9 V and the working voltage was around 2.9 V. A maximum power 
density of 74.8 mW cm-2 was obtained at 34 mA cm-2 in fuel cell mode. One of the problems 
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encountered with this stack used was that it was only able to maintain stable performance for 
10 charge-discharge cycles.  
 
Over recent years, many research workers have focussed on optimising URFCs by working 
on improved electrodes, electrolytes and storage mechanisms. For example, Yim et al. (2005) 
prepared several electrocatalysts such as Pt black, and mixed materials such as PtIr, PtIrOx, 
PtRu, PtRuOx and PtRuIr for the oxygen electrode to fabricate higher efficiency bifunctional 
electrodes. They found PtIr showed the best URFC performance. On the other hand PtIr 
catalyst with just 1 wt% Ir had the highest URFC roundtrip energy efficiency.  
 
Another significant work on developing an improved oxygen electrode by introducing 
membrane electrode assemblies (MEA) has been done by Wittstadt et al. (2005). They used 
different MEAs in fuel cell and water electrolysis mode at different pressure and temperature 
conditions. The results indicated that better performances in both charging and discharging 
modes could be achieved with an additional layer of sputtered platinum on the oxygen 
electrode, leading to an increase by 4% in the roundtrip energy efficiency. 
 
Chen et al. (2008) continued the work done by Wittstadt (2005) by introducing a novel 
membrane electrode assembly to be used in URFC by using the Nafion polarization method. 
The URFC using the novel MEA showed a higher performance  during water electrolysis, 
and a much higher fuel cell performance, than those of the URFC using the conventional 
MEA. The efficiency in fuel cell mode, and roundtrip energy efficiency were reported as 
around 13.5% and 10.8% respectively at 700 mA/cm2 with the novel MEA. The last three 
works mainly focused on the enhancement and development of the oxygen electrode. These 
researches did not show any effort and work to improve the hydrogen electrode as storage 
medium.   
 
PEM URFCs can be classified into two types (Doddathimmaiah 2008). In the first one, 
hydrogen is produced on one electrode in electrolysis mode and used on the other electrode in 
fuel cell mode. The same arrangement applies for oxygen as well. The second type, which is 
closer to our work, involves an exclusive hydrogen electrode and an exclusive oxygen 
electrode. Hence hydrogen is produced and consumed on the same electrode, and the same 
applies for oxygen too. Figure 4 shows the schematic of this type.  
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Figure 4: Schematic of constant electrode type PEM URFC (Doddathimmaiah, 2008) 
 
The advantage of this type is that hydrogen and oxygen are completely separated and never 
mix. Another one is that water enters and is re-formed on the same electrode.  
Based on this brief review of the literature, the novel technology of URFCshas been a subject 
of considerable interest in the field of storing energy. A lot of research has focussed on 
improving electrolytes and electrocatalysts, and oxygen and hydrogen electrode types, to 
boost performance in both electrolyser and fuel cell modes, and hence lift roundtrip fuel cell 
efficiency. The majority of works in the 1990s were concentrated on aerospace and aircraft 
applications using solar PV panels as the primary electrical energy source. Also the 
application of using URFCs were just limited to the aerospace and aircraft while there are 
many other active areas such as battery and vehicle applications which are needed to be 
improved. Today many researchers and projects are conducted in the field of storing 
hydrogen and representing a suitable medium that can lead to get the maximum storage 
capacities. The concept of this new approach will be investigated in next chapter.  
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3.2 Proton battery   
 
3.2.1 The concept of the proton battery  
 
A conventional hydrogen fuel cell system for electrical energy storage is shown in Figure 5, 
which includes electrolyser, compressor, storage media and fuel cell (Andrews and Seif 
Mohammadi 2014).  
 
 
Figure 5: The conventional system for storing electrical energy as hydrogen and then regenerating electricity (Andrews and 
Seif Mohammadi 2014) 
 
In charging mode, electricity can be supplied from a PV panel to split water molecules into 
hydrogen and oxygen. Then hydrogen gas is compressed and stored in a storage medium such 
as a gas cylinder under pressure.  
In discharge mode, the stored hydrogen is supplied to the fuel cell where it reacts 
electrochemically with oxygen (usually from the air) to produce electricity and water.  
One of the disadvantages of this system is its complexity in comparison to batteries. The 
hydrogen system has many more components. It needs a compressor and hence some 
additional electricity usage to compress the hydrogen gas and send it to the storage medium. 
The hydrogen produced in the electrolyser is transferred as a gas into a separate compressed 
gas or solid-state storage. . All these steps involve net energy losses and entropy increases 
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(Andrews and Seif Mohammadi 2014).  Hence the roundtrip electrical energy efficiency 
(around 40-50 %) is much lower than that of batteries (at 70-80 %) 
 
A novel system proposed by Andrews and Seif Mohammadi (2014) working at RMIT 
SAMME is shown in Figure 6, which they originally termed a ‘proton flow battery’They 
called their system a “proton flow battery” because in charging mode just an inflow of water 
is needed, and in discharge mode just air is fed into the cell. More recently, as explained in 
chapter 1, the name of this concept has been shortened to simply a ‘proton battery’.  
 
 
 
Figure 6: A proposed novel system employing a reversible fuel cell with integrated solid proton storage electrode. M 
represents a metal atom of the solid storage to which a hydrogen atom is bonded (Andrews and Seif Mohammadi 2014) 
 
In this new system, the protons produced during electrolysis diffuse straight into the solid-
state storage to form a bond with the storage material, without combining with electrons to 
form hydrogen gas molecules and without this gas being compressed for storage.  
 
In fuel cell mode this process is reversed, with hydrogen atoms being released from the 
storage and giving up an electron to become protons once again. These protons then re-enter 
the membrane and move back to the oxygen side where they combine with oxygen and 
electrons from the external circuit to re-form water. 
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In the proton battery, therefore,  many components in the conventional hydrogen-based 
energy storage system that cause energy losses and irreversible entropy increases are omitted, 
such as the compressor, compressed gas storages, the associated valves and regulators. 
 
The new system has potentially some advantages over the conventional type such as higher 
mass and volumetric densities and higher roundtrip energy efficiency. 
 
In the initial design for a proton battery investigated by Andrews and Seif Mohammadi 
(2014), a solid-state electrode made from a metallic alloy was used for hydrogen storage that 
is, by formation of a metal hydride from the protons emerging from the membrane and 
electrons supplied from the external circuit (Figure 7).  
 
 
 
Figure 7: Schematic design (left) and picture (right) of the experimental proton flow battery system, based on a modified 
URFC cell packed with MH material as the hydrogen storage electrode. (Seif Mohammadi 2013; Andrews and Seif 
Mohammadi 2014) 
 
The rationale for this design is to fill the gaps between the irregularly-shaped metal particles 
with nafion, thus providing a continuous medium within the electrode for transport of protons 
from the cell membrane to the metal particles with which they can react to form MH. In 
discharge mode, the continuous nafion medium conducts the protons produced from the 
reverse dehydrating reaction back into the cell membrane. 
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To make the MH-nafion composite electrode, 0.609 g of MH powder was mixed with 4.5 ml 
of nafion solution. Then the mixture was left at room temperature for 12 h and stirred every 
hour to ensure homogenous deposition of nafion over the MH particles. 
The electron conductivity of the MH material used to fabricate the hydrogen storage 
electrodes was measured to be around 124 S/cm. A composite MH-nafion electrode with the 
same composition but with an area of 0.2×0.2 cm2 and thickness 0.074 cm was also tested for 
electron and proton conductivity. The results in different humidity are shown in Figure 8. 
Interestingly by increasing the relative humidity, and hence degree of hydration of the 
membrane, proton conductivity will increase, while the electron conductivity decreases 
(Figure 8).  
 
 
Figure 8: Measured proton and electron conductivities of the MH-nafion (MHN) composite electrode at varying levels of 
relative humidity and hence hydration of the electrode: RC e room conditions, 25 C, relative humidity 60%; RH75 e relative 
humidity 75%; WC - fully hydrated electrode, ‘wet’ condition. 
 
 Andrews and Seif Mohammadi found that this early proton battery system had a hydrogen 
storage capacity of 0.6 wt%; although the amount of hydrogen actually recovered to run the 
device in fuel cell mode was much lower. This early work did, however, at least indicate that 
a proton battery system could be technically feasible 
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3.2.2 Limitations of MH storage electrode 
 
These experiments on a proton battery with a MH electrode revealed a number of limitations 
and disadvantages in using this material as the hydrogen storage electrode. 
 
Firstly, there was still a significant rate of hydrogen gas production at this electrode alongside 
the direct bonding of protons with the metal after neutralisation with electrons during 
charging/electrolyser mode to form a hydride. . One of the likely reasons for this hydrogen 
gas production was the presence of nickel in the metal alloy powder employed to make the 
hydrogen storage electrode, which is known to be quite a good catalyst for the hydrogen 
evolution reaction (S. Mohammadi 2014). Any hydrogen gas production on the negative 
electrode of a proton battery when charging is not desirable since it results in proportionately 
less electrochemical hydrogen storage actually within the electrode. 
 
Secondly, the metal alloy powder used in the electrode is very expensive and heavy, since it 
contains rare earth elements with high atomic mass. 
 
Thirdly, with the particular MH used in this case, the hydrogen storage capacity obtained was 
only around 0.6 wt%, and in discharge mode very much lower than this again with only a 
fraction of the stored hydrogen being able to be released. The bonds between the hydrogen 
and metal particles may this have been stronger than required for this application.  
 
 
3.3 Electrochemical hydrogen storage in carbon-based materials 
 
3.3.1 Potential advantages of carbon electrodes in a proton battery 
 
An alternative to a metallic hydrogen storage alloy in a proton battery is the use of a porous 
carbon-based material with electrochemical storage of the hydrogen on its large internal 
surface area. This option is considered in the following subsections. 
Possible advantages of such carbon materials in a proton battery are the following; 
• Carbon is cheap compared to metal alloys 
• Carbon is lighter in terms of atomic mass 
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• Carbon is structurally stable to chemical and heat 
• Carbon materials can be synthesised that are porous material with a large active area 
for storing hydrogen. 
In the present study, the carbon-based material focussed on is activated carbon, with some 
consideration also of graphite particles and platelets. Other candidates such as carbon 
nanotubes, layered graphene materials, and layered carbon nitrides will not be investigated 
here, although they may in the future be found to be excellent candidates for electrochemical 
hydrogen storage. 
 
3.3.2 Activated carbons  
 
Activated carbons (ACs) are highly porous and very stable to chemicals and heat (Wang et al, 
2010). ACs can be synthesized from a variety of inorganic precursors such as black and 
brown coal (REF); and organic precursors including agricultural wastes, such as coconut 
shells and fibres, jute fibres, nut shells, soybeans, and oil seeds. There are different types of 
activated carbon based on the precursor material. Actually activated carbon can be made from 
coconut shell, wood and peat, corn cob, banana peel, pistachio-nut shell, oil sands coke, wood 
sawdust, fruit stones and many other materials (Chang et al. 2000; Lua and Yang 2004; 
Mopoung, 2008; Chen and Hashisho 2012). Among aCs made from organic materials, the 
coconut shell based activated carbon has a predominance of micropores that are suitable for 
adsorption of small molecular weight species. In contrast, wood and peat-based activated 
carbons have a predominance of macro and mesopores structure, which are ideal for 
adsorption of larger molecular species (Vargas et al. 2010). 
 Typical synthetic methods include the generation of highly porous structures via physical or 
chemical activation. Physical activation involves the gasification of carbonaceous materials 
in the presence of suitable oxidising agents, CO2 and steam. In physical activation process, 
the based material or rich carbon based material is first carbonized in absence of air. Then the 
activation process is performed with an oxidation specie such as Co2 or steam or a mixture of 
both of them. The temperature required for the process is in the range of 800-1200C (Vargas 
et al. 2010; Zhao et al., 2013; Sahin and Saka, 2013). Zaini et al. (2010) showed that 
activation with steam may result in more porosity than CO2. The reaction between carbon 
and oxidation species are as follow are (Marsh and Rodriguez-Reinoso, 2006): 
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C+ CO2 → 2CO 
C + H2O → CO + H2 
In chemical activation, porosity is generated via chemical reactions between agents, usually 
KOH, and carbonaceous materials, followed by the production of CO2 generating further 
porosity, from the decomposition of K2CO3 in the case of KOH activation. In this case the 
activation process is carried out with a chemical component such as zinc chloride, phosphoric 
acid, sodium hydroxide and potassium hydroxide, in absence of oxygen. Then the activated 
carbon should be washed with water and dried. (Marsh and Rodriguez-Reinoso 2006; 
Linares-Solano et al. 2012). The chemical activation method has several advantages over the 
physical activation method, including a lower processing temperature, shorter processing 
time, and higher porosity. (Yang et al. 2012).  
Pores in activated carbons are categorised based on their diameter (Marsh and Rodriguez-
Reinoso 2006; Achaw 2012):  
• macropores, with diameters greater than 50 nm,  
• mesopores between 2 and 50 nm,  
• micropores between 0.7 and 2 nm, and  
• ultra-miropores< 0.7 nm. 
So activated carbon may be a suitable medium to be used in the negative electrode of the 
proton battery to store hydrogen. It has been shown previously that ultramicropores smaller 
than 0.7 nm are the main sites for electrochemical storage of hydrogen (Vix-Guterl et al. 
2005). 
 
Gamby et al. (2001) tested various activated carbons from the PICA company in order to 
compare their properties and performances. Figure 9 shows a comparison the resistance and 
BET surface area for eight different activated carbon name: Norit, PICA A, B, C, D. E and 
PICACTIF SC.  
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Figure 9: physical characteristics of the different activated carbon powder tested (Gamby et al. 2001) 
 
These experimental results show that PICACTIF SC type has the best performance to be used 
as supercapacitor since it has an acceptable BET surface area with a reasonable resistance. 
The capacitance of an electrode made from of this type of aC was measured to be around 125 
F/g. 
 
Sabio and Reinoso (2004) investigated the role of activation method on activated carbon 
porosity. They chose precursor materials such as olive and peach stones and used phosphoric 
acid, zinc chloride and potassium hydroxide as activating agents. The results showed that 
H3PO4 leads to a more heterogeneous pore size distribution, while KOH only produce a 
widening of micropore width.  
 
Yagmur et al. (2008) made activated carbon from wasted tea. Activation process has been 
done by phosphoric acid with and without microwave treatment. The maximum BET surface 
area was measured around 1157 m2/g. They showed that the micropore surface area is higher 
for the sample treated by microwave energy. In other words, microwave heating enhanced 
both the micropore surface area of the samples as well as the BET surface area. 
 
Harris et al. (2008) imaged atomic structure of activated carbon for the first time, using TEM. 
Figure 10 shows the atomic structure of as-produced carbon and of the carbon following heat 
treatment at 2000 C.  
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Figure 10: General appearance of (a) fresh activated carbon, (b) activated carbon following heat treatment at 2000 ◦C (Harris 
et al. 2008). 
 
The results show such a hexagonal ring for fresh activated carbon and non-hexagonal ones. 
The 200 C heated carbons contain large hexagonal networks. The presence of some 
pentagonal rings which are naturally porous also has been reported in some cases. One can 
obtain is that the heating process may lead to larger hexagonal networks as mentioned.  
 
3.3.3 Storage of gaseous hydrogen in activated carbons 
 
Activated carbons (aCs) are highly porous and very stable to chemicals and heat. For these 
reasons, aCs have been extensively considered for storage of gaseous hydrogen by adsorption 
of hydrogen molecules onto the inner surfaces of pores (Wang et al, 2010).  
For example, in Spain Casa-lillo et al. (2002) measured the gaseous hydrogen storage 
capacity of variety of activated carbons over a wide range of pressures (up to 70 MPa) at 
ambient temperature. For the sample activated carbon from anthracite tested in their 
experiment they could not find large amount of hydrogen adsorbed. In any case an activated 
carbon provided around 1 wt% hydrogen storage at 10 bars. 
Cazorla Amoros et al. (2007) prepared a series of activated carbon using KOH activation 
method from anthracite and bituminous coal. The activated carbon material had a very high 
BET surface area at 3000 m2/g. the gaseous hydrogen storage capacity was measured at 
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around 1.2 wt% at room temperature (298K) and 200 bar. This work indicated that the 
micropore and narrow pore size distribution played an important role in hydrogen storage 
capacity.  
Wang et al. (2008) prepared activated carbon with high internal surface area of pores by 
using the KOH chemical activation method. The activation method, using KOH shows 
remarkable changes in porosity compared to CO2 activation method. Thus KOH activation 
may lead to microporosity frameworks in the activated carbon. The results showed a high 
surface area of up to 3190 m2 g-1. There was a large gravimetric hydrogen uptake capacity of 
7.08 wt % at 77 K and 20 bar pressure, but of course this at a very-low cryogenic temperature 
 
Gao et al. (2009) applied two activation methods (physical and chemical) to commercial aC 
samples and showed that the chemical activation method (KOH) provided a much larger 
narrow micropores (<1nm) than the physical one. The hydrogen storage capacity was 
measured at 77 K and 1 bar of around 2.49 wt% and at 77 K and 20 bar of around 7.08 wt%. 
The results indicated that very low temperature is required for a significant hydrogen storage. 
The results of Wang et al. and Gao et al. showed that a significant quantity of hydrogen can 
be stored in activated carbon material but only in very low temperature (77) and moderate 
pressure (20 bars). This very special condition required to achieve low temperature causes a 
large amount of energy loss during the hydrogen storage which decreases the roundtrip 
efficiency of the system. 
In sum then, activated carbons can be used for storage of gaseous hydrogen by adsorption of 
hydrogen molecules on pore surfaces. However, cryogenic temperatures and very high 
pressures are required to achieve usable gravimetric energy densities, with consequent 
technological complexity and cost, as well as considerable parasitic energy. 
 
3.3.4 Previous work electrochemical storage of hydrogen in activated carbons 
 
An alternative to gaseous storage of hydrogen in aC is electrochemical storage. This has the 
possible advantages of allowing charging at near ambient pressures and temperatures, and the 
achievement of high gravimetric and volumetric densities. 
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The concept of storing hydrogen electrochemically within activated carbon was first 
proposed by Francois Beguin from CNRS-University, France and Krzysztof Jurewicz and 
Elizbeta Frackowiak from Poznan University of Technology, Poland. In their first paper 
Jurewicz et al. (2001) investigated the electrochemical hydrogen storage in activated carbon 
electrode using potassium hydroxide (liquid KOH) of 6 mol.L-1 concentration as an 
electrolyte.  The amount of hydrogen released from carbon was reported 1.5%, which was 
higher than the amount adsorbed under ambient gas atmosphere. The importance of their 
work is that they stored hydrogen in carbon particles electrochemically for the first time and 
introduced an alternative way of storing hydrogen for metal hydride and gaseous hydrogen 
storage.  
In their next paper Jurewicz et al. (2002) investigated the same concept but in a liquid 
alkaline electrolyte (KOH) and acidic electrolyte (H2SO4). In their experiment the cell was 
charged at a high current of 500 mA/g for around 12 hours to split water and produce protons, 
and subsequently discharged at a constant but much lower current. The authors reported the 
hydrogen capacity to be 1.8 wt% in the alkaline electrolyte, which was four times higher than 
the hydrogen adsorption capacity under 700 bar pressure for the same activated carbon 
sample. The hydrogen storage capacity in liquid acidic electrolyte was measured and reported 
as half that of the alkaline electrolyte. Unlike in the liquid alkaline electrolyte, no distinct 
discharge plateau was observed in the acidic electrolyte. The results clearly showed that 
activated carbon in both an alkaline and acidic electrolyte was capable of storing hydrogen 
electrochemically. 
Jurewicz et al. (2004) further investigated the mechanism of electrochemical hydrogen 
storage in porous activated carbon with two types of electrolyte (KOH and H2SO4 (aqueous 
solutions)). The results showed that the total amount of hydrogen adsorbed, and consequently 
the storage capacity, depended on the kinetics of hydrogen diffusion and incorporation into 
the nanopores. The low overvoltage value of H2SO4 (η=0.32 V) may have led to molecular 
hydrogen evolution through the chemical (Tafel) or electrochemical (Heyrovsky) reactions 
and the amount of hydrogen stored decreased. On the other hand KOH showed a higher 
polarization value (η=0.55 V) and resulted in more hydrogen adsorption. The authors 
reported a meaningful sorption of hydrogen in an alkaline electrolyte with reversible capacity 
of 1.3 wt% corresponding to 350 mAh/g. (Based on Faraday law, 1 wt% hydrogen storage is 
equivalent to a charge flow of 270 mAh/g). 
47 
 
Vix-Guterl et al. (2005) used highly-ordered porous carbon materials for supercapacitor 
applications and electrochemical hydrogen storage. The surface area, pore size distribution 
and different pore sizes of activated carbon were estimated by CO2 and N2 adsorption. The 
results showed a linear relation between the amount of hydrogen storage and volume of 
ultramicropores (that those with diameter smaller than 0.7 nm). The stored value of 388 
mAh/g, which corresponds to 1.44 wt%, was obtained in their experimental results.  
Another significant work in electrochemical storing hydrogen in porous carbon has been done 
by Fang et al. (2006). They worked on physical characteristic and electrochemical hydrogen 
storage behaviour of the ordered porous carbon with well-tailored pore size. According to 
their findings, a discharge capacity of around 1.95 wt% hydrogen storage was achieved in 6 
M KOH. They also found that ultramicroporous media (pore size smaller than 0.7 nm) played 
the predominant role in hydrogen storage, while meso and micro porous media served as 
mass transport pathways for rapid hydrogen.  
Another significant paper by this group was published in 2006 (Beguin et al. 2006). They 
investigated specifically the mechanism of bonding between carbon and hydrogen in a 
reversible hydrogen storage system. They reported that hydrogen formed a weak bond with 
carbon in the electrolyte mixture of water and KOH, with activation energy of around 110 
KJ/mol. 
Babel and Jurewicz (2008) investigated physical, chemical and electrochemical properties of 
activated carbon (LAC) produced from lignin processed by standard carbonisation and KOH 
activation at a temperature of 950 C. They fabricated a highly porous carbon that had a BET 
surface area of almost 1946 m2/g with 31% of the micropore volume comprising pores 
between 0.5 nm to 0.64 nm, that is, ultramicropores. The activated carbon possessed a high 
hydrogen storage capacity of 1.89 wt%. They suggested that high porosity with large 
micropores and small mesopores volume contributes positively to the hydrogen storage 
capacity.  
The next publication of this group presented a schematic for a secondary battery that used the 
principle of a reversible electrolyser/fuel cell in an aqueous KOH electrolyte (Jurewicz et al. 
2009). Figure 11 shows the schematic of the proposed system, which was named a 
‘rechargeable fuel cell’. 
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Figure 11: Schematic representation of the rechargeable fuel cell proposed by Jurewicz et al. (2009) 
 
As can be seen in Figure 11, the carbon electrode is placed between two parallel diffusion air 
electrodes, which are electrically connected and form the cell walls. The carbon electrode 
was made of four layers of activated carbon. The auxiliary electrode was made from nickel 
gauze to avoid oxygen evolution, which can result in carbon oxidation.  
Frackowiak (2010) investigates the bond between hydrogen and carbon. In her assumption 
carbon is considered as the host specie and hydrogen as the guest specie. She mentioned that 
the reversibility of the hydrogen within the carbon materials is guaranteed by a week 
chemical bonding H-C. She confirms that the binding energy of H-C about 110 kJ/mol and so 
electrochemical storage of hydrogen in carbon can be categorised as chemisorption. 
In summary, this research group was one of first to demonstrate that hydrogen can be stored 
electrochemically in carbon media, with the focus on activated carbon. However, generally 
the majority of hydrogen produced in their studies was in the form of gas that was not stored 
in the solid media 
Lota et al. (2011) studied the effect of charge parameters on hydrogen storage capacity. They 
used a new pulsed method of charging the electrodes, in which the carbon electrode is 
charged for few seconds, left to rest for few seconds, and then charged again. These pulse-
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pause sequences were repeated several times. By using  optimal parameters of 1 second 
pulses of 5 A/g and 0.5 second pauses for a total charging time of 9 minutes (6 min. charging 
+ 3 min. pauses), the activated carbon was charged to about 60% of its total capacity (1.08 
wt%). The authors concluded that the quick faradaic processes are the advantage for using in 
power devices. They investigated the effect of temperature on hydrogen storage capacity of 
activated carbon and show that a 10% improvement was achieved when temperature is 
elevated from 25°C to 60°C, confirming the result of Beguin et al. (2006). Figure 12 shows 
the proposed schematic of the system with a bonding reaction between carbon and hydrogen 
atoms (Lota et al. 2011). 
 
Figure 12: Illustration of hydrogen electrosorption in carbon material (Lota et al. 2011). 
 
Candelaria et al. (2011) in their paper reviewed the structure of carbon for storing energy. 
They showed that highly porous carbon can be categorised into two forms: (1) derived from 
naturally occurring carbonaceous precursors such as coal, wood, coconut shells, fruit stones, 
and other agricultural byproducts; and (2) synthetic porous carbon. They showed that 
synthetic porous carbon can be used for supercapacitors.  Based on their charge storage 
mechanism, there are two types of capacitors. The first one is electrochemical double layer 
capacitors (EDLC) based on activated carbon in which capacitance is proportional to porous 
surface area. For the EDLCs, the capacitance at one electrode interface is given by C=eA/4pt 
(where e is the dielectric constant of the electrical double-layer region, A the surface-area of 
the electrode, and t the thickness of the electrical double layer) (Candelaria et al. 2011). 
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Based on the high surface area of synthetic porous carbon, they are a suitable medium to be 
used in carbon electrode side in a fuel cell due to high capacitors for storing hydrogen.  
Babel et al. (2012) investigated electrochemical hydrogen storage in several activated 
carbons from different precursors. They selected different types of activated carbon made 
from coconut shells, blackthorn stones, cellulose and lignin. The highest hydrogen storage 
capacity was obtained by using activated carbon made from blackthorn stone after 15 min 
activation at 950 C and a carbonisate/ KOH ratio of 1/5 around 2.31 wt%.  
 
3.3.5 Proton conduction within electrodes for electrochemical hydrogen storage in 
activated carbons 
 
3.3.5.1 Rationale 
 
For electrochemical hydrogen storage in activated carbon, protons which have been produced 
from water electrolysis process need a proton conducting medium to provide the pathway 
into the storage material. In the following sections, solid-state and liquid-type of proton 
conductors are introduced.   
 
3.3.5.2 Solid state – nafion 
 
The idea of using an organic cation exchange membrane as a solid electrolyte and hence 
proton conductor in electrochemical cells was first proposed by Grubb (1959). A schematic 
of his polymer electrode fuel cell consisting of two electrodes and a solid polymer membrane 
is shown in Figure 13 (Grubb, 1959). The polymer electrolyte membrane is sandwiched 
between two platinum porous electrodes such as carbon paper. This polymer proton 
conducting media can be a solid membrane such as nafion, or a family of acids or a proton 
ionic liquid.  
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Figure 13: Schematic of a PEM membrane in a fuel cell, (Grubb, 1959). 
 
Hofmann et al. (2007) investigated conduction on water molecules using molecular dynamics 
(MD). Water as one of the most important proton conductors has always been a point of 
interest in simulation and analysis. Hofmann et al. introduced a new reactive potential based 
on a radial distribution function. The results showed that the new potential described 
correctly the radial distribution functions of water over a wide range temperatures and 
pressures. The results of the MD simulations showed that the reactive potentials could 
reproduce the main features of structure and dynamical properties of water, including the 
geometry of water molecules and proton transfer on a classical level, in good agreement with 
the experiment 
 
In their next paper this group performed a theoretical simulation of proton conductivity in 
nafion. The results further showed that the maximum proton diffusion in Zr-phosphate 
appears at pKa= 0.5. Similarly, in an idealised nafion tube it is found that conductivity also 
gets a maximum value with the rate of dissociation of sulphonate groups of 27%. This result 
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demonstrated that proton conduction in such tubes has some common features with 
topological solitons (Hofmann et al. 2010) 
 
Another significant work has been done by Pisani et al. in 2008. The authors used molecular 
dynamic simulation and showed that protons in an acid solution form hydronium, H3O
+ ions. 
The also identified the two main proton transport mechanisms in acid solution as: 
 
1. migration of hydronium ions (vehicular diffusion) 
2. Jumping of a proton from a hydronium ion to an adjacent water molecule (structure 
diffusion, or the Grotthus mechanism). 
 
The first transport mechanism is classical and it encounters translational friction resistance. 
The second mechanism implies the breaking and formation of weak hydrogen–oxygen bonds. 
 
Another significant work done in the field of theory of proton conduction in nafion is Choi et 
al. (2004). They presented their first analytical investigation on thermodynamics parameter 
and proton transport concept in nafion in 2004. They proposed a sorption model based on the 
thermodynamics analysis using the Flory-Huggins’ activity model and Freger’s elastic model. 
They showed for a given polymer system, the sorption amount per unit mass of dry polymer 
increased with acid strength.  
 
In their next paper, they proposed a new method to represent proton conductivity and 
diffusion of protons in nafion. They showed that proton conductivity in nafion is highly 
dependent on its nanostructure and water content. For example, at low water content, the 
interaction of water molecules and hydrogen bonding is low, resulting in very low 
conductivity (Choi et al. 2004). The main transport mechanisms of protons in nafion were 
found to be: 
• vehicular transport, that is, straight movement of hydronium ions 
• the Grotthus mechanism, which is transfer of a proton from hydronium to a 
neighbouring water molecule thereby turning it into hydronium and leaving a water 
molecule behind, or  
• hopping of protons along the surface of pores within nafion from one SO3- group to 
the next one. 
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At RMIT Unviversity, Jazaeri (2014), in his M Eng (by research) thesis, investigated the 
feasibility of a unitised regenerative fuel cell with a reversible carbon-based hydrogen storage 
electrode. He used various forms of activated carbon to test for reversible and direct 
hydrogen storage. He used three main activation methods, physical activation by CO2 and 
steam, chemical activation by KOH, and replica method by silica templates. He also mixed 
activated carbon with nafion to provide a proton conductor within the electrode.  
Jazaeri (2014) measured proton and electron conductivity by experiment in different relative 
humidity environments. He found that the proton conductivity of the aC-nafion composite 
materials (due the nafion) increased with increasing relative humidity and reached its 
maximum when the nafion in the composite had been fully hydrated. The values obtained for 
proton conductivity of the composite materials were between 0.044 and 0.11 S/cm at full 
hydration environment. The proton conductivity under dry conditions was much lower, 
between 0.005 to 0.031 S/cm (Jazaeri 2013). On the other hand, the electron conductivity of 
the composite materials decreased with increasing relative humidity. The values of the 
electron conductivity at 0% relative humidity were in the range of 0.93 S/cm to 28 S/cm for 
composite electrode.  
A possible explanation of this lack of observed hydrogen storage is that the nafion medium 
could not penetrate into the porous structure of the activated carbon particles. Typically a 
basic nafion polymerised molecular unit has a main dimension of around 20 nm. The 
mesopores of activated carbons have diameters from 2 to 50 nm, while the ultramicropores 
where most hydrogen storage is expected to take place have typical diameters less than 0.7 
nm. Hence it is most probable that nafion could not penetrate into even the mesopores, let 
alone the much smaller micro and ultramicropores (Jazaeri, 2014). 
To address the problem of lack of nafion penetration into activated carbon identified by 
Jazaeri (2013), different types of proton conductors, such as acids and protic ionic liquids 
(Rana et al. 2012) that may penetrate into the porous carbon particles can be examined. 
 
3.3.5.3 Liquid state– acid electrolytes 
 
Another possible approach to proton conduction within porous carbon electrodes is to soak 
the electrode in a liquid acid as the proton conductor. 
54 
 
Bouchet and Siebert (1998) mixed PolyBenzImidazole (PBI) with H3PO4 , H2SO4 and HBr 
and measured the proton conductivity of this acidic liquid at a specific temperature, 300 K. 
The results showed that the best proton conductivity, 10-4 S cm-1 was achieved with H2SO4,  
It was suggested that the Grotthus hopping mechanism was the dominant contributor to 
proton conductivity.  
Kawahara et al. (1999) continued Bouchet and Siebret’s work a year later and mixed PBI 
with phosphoric, sulfuric, and hydrochloric acid separately .The mixture PBI/H3PO4 was 
thermally stable up to 500 C, while the proton conductivity reached 10-5 S cm-1 at 160 C.  
 
He et al. (2003) prepared a mixture of PBI and phosphoric acid including zirconium 
phosphate (ZrP), (Zr(HPO4)2·nH2O), phosphor-tungstic acid (PWA), (H3PW12O40·nH2O) and 
silico-tungstic acid (SiWA), (H4SiW12O40·nH2O). The conductivity of the mixture 
(PBI/H3PO4) was measured at around 6.8 × 10
-2 S cm-1 at 200 C and 5% relative humidity. 
The conductivity of the mixture was found to be dependent on the acid doping level, 
temperature and relative humidity.  
 
Figure 14 and Table 1 classify different types of acid that can be used in polymer electrode 
membranes as a proton conductor as an alternative to the nafion used in conventional PEM 
fuel cells.  
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Figure 14: Chemical structures of polymer electrolytes based on acid-base polymer complexes (Rikukawa et al. 2000). poly 
(ethylene oxide) (PEO), poly(ethylene imine) (PEI), poly(acrylamide) 
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Table 1: The proton conductivity and thermal stability of different types of acid that can be used in polymer electrode 
membranes 
Acid Type Proton conductivity 
(S/cm) 
Thermal stability Reference 
PBI/H3PO4 10-4 S  high Bouchet 1998 
PSA/H3PO4 10-4 S Cm-1 high Rikukawa et al. 2000 
PEI/strong acid 10-4 S Cm-1 poor Bouchet 1997 
PAAM/strong acid 10-4-10-3 S Cm-1 poor Rikukawa et al. 2000 
PVA/strong acid 10-3 S Cm-1 poor Gupa et al. 1996 
 
At RMIT University Oberoi (2015) has recently investigated the use of a liquid acid as the 
proton conductor within porous activated carbon electrodes as the storage for hydrogen in 
both reversible electrochemical cells with liquid electrolytes and in the proton battery 
configuration. In his work he measured the reversible electrochemical hydrogen storage 
capacity of variety aC-PTFE sample electrodes in a three-electrode electrolytic cell. The 
reversible electrochemical hydrogen storage capacities of the fabricated aC-PTFE electrodes 
used in his experiment were found to be in the range of 0.36 – 1.6 wt% of equivalent 
hydrogen in carbon. The ‘equivalent hydrogen’ was the combination of electrochemical 
reaction between the hydrogen and carbon particles and the contribution of double-layer 
capacitance.  
A candidate aC sample mesoporous carbon 1:7 KOH (supplied by CIC Energigune in Spain) 
showed the highest reversible capacity of 1.6 wt% in the electrochemical cell with dilute (1 
mol) sulphuric acid as the electrolyte and proton conductor within the electrode. This sample 
then was selected to be used in a proton battery again soaked in dilute sulphuric acid for 
proton conduction to test the feasibility of this arrangement. Oberoi’s (2015) work showed 
some potentially promising results in terms of hydrogen storage capacity, but some anomalies 
in terms of gas collections in electrolyser mode and the measured discharge capacities in fuel 
cell mode were identified, so that firm conclusions about the feasibility of a proton battery 
with a porous carbon electrode and liquid acid proton conductor could not be made. 
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3.4 Gaps in knowledge and understanding 
 
It is clear from this review that, while considerable research has been conducted into the 
storage of hydrogen in gaseous form in various forms of porous carbon, relatively little work 
has been done on electrochemical storage of hydrogen in porous carbon media. The present 
thesis therefore focusses on electrochemical storage of hydrogen in carbon-based materials.  
 
Among the limited research that has been done on electrochemical hydrogen storage in 
carbons, most has concentrated on liquid alkaline electrolytes. This thesis thus focusses on 
electrochemical hydrogen storage in acidic electrolyte environments. In particular, the 
emphasis in the present work is on the novel proton battery concept developed at RMIT 
University, based on a reversible PEM fuel cell with an integrated solid-state electrode for 
electrochemical hydrogen storage. To conduct protons directly into the pores of the carbon 
particles, the electrode is soaked in a liquid acid, a novel arrangement to provide an ionic 
bridge between the nafion electrolyte of the reversible PEM cell and the carbon-based storage 
medium. The present project continues the investigation of hydrogen storage electrodes for 
the novel proton battery from the stages where Andrews and Seif Mohammadi (2014), Jazaeri 
(2014) and Oberoi (2015) have reached. 
 
This thesis also seeks to make a contribution towards developing an improved theoretical 
understanding of the processes of hydrogen diffusion through a liquid proton conducting 
medium into composite carbon-based electrodes, and subsequent bonding to surface carbon 
atoms within these porous media. Experiments are then conducted to test the theoretical 
predictions. 
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4 A THEORETICAL ANALYSIS OF AN 
ELECTROCHEMICAL CELL WITH AN INTEGRATED 
HYDROGEN STORAGE ELECTRODE 
 
4.1  Overview 
 
Electrochemical storage of hydrogen in activated carbon electrodes as part of a reversible fuel 
cell offers a potentially attractive option for storing surplus electrical energy from inherently 
variable solar and wind energy. In this chapter, a one-dimensional theoretical model is 
developed and presented of the process of H+ ion (proton, or more accurately, hydronium, 
H3O
+) conduction through an acid electrolyte into a highly porous activated carbon electrode 
where it is neutralised and adsorbed on inner pore surfaces An analytical solution is obtained 
in the direction of the charge flow through the electrode assuming no variations in the plane 
of the active area of the cell (normal to this dimension).  
A Butler-Volmer type equation is used to relate the rate of adsorption of hydrogen to the 
potential difference between the activated carbon surface and the electrolyte. This model for 
the hydrogen-storage electrode is then incorporated into a more general computer model 
based on MATLAB software of the entire electrochemical cell including the oxygen 
electrode. By running the model a theoretical voltage-current curve is generated for given 
input parameters for a particular activated carbon electrode. A parametric study is conducted 
to explore the influence of key input parameters on the resulting VI curves in both fuel cell 
and electrolyser modes. 
The proposed model does not take into account any effect due to filling up of the variable 
hydrogen storage capacity. Here the case of a liquid acid electrolyte and an activated carbon 
hydrogen storage electrode is investigated. But it is important to note that the analysis can be 
generalised to any porous hydrogen storage material and any proton-conducting electrolyte. 
Later, in chapter 6, the model developed is applied to electrolyser-mode operation of an 
electrochemical cell with a liquid sulphuric acid electrolyte and activated carbon electrode. 
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4.2  A general model of a reversible electrochemical cell with a porous 
hydrogen storage electrode  
 
4.2.1 The basic electrochemical cell considered 
 
The schematic of the reversible electrochemical cell with a porous hydrogen storage electrode 
is shown in Figure 7. In this system, the protons produced during electrolysis diffuse straight 
into the solid-state storage to form a bond with the storage material, without combining with 
electrons to form hydrogen gas molecules and without this gas being compressed for storage.  
In fuel cell mode, this process is reversed, with hydrogen atoms being released from the 
storage and giving up an electron to become protons once again. These protons then re-enter 
the membrane and move back to the oxygen side where they combine with oxygen and 
electrons from the external circuit to re-form water. 
 
The cell is comprised of the hydrogen storage electrode, the oxygen side electrode and an 
electron and proton conducting electrolyte between the oxygen and hydrogen electrode. 
 
4.2.2 Charging (electrolyser) mode (E-mode) 
 
4.2.2.1 Current flows and potential variation in E-mode 
 
An equivalent circuit representing the electrochemical cell in E-mode with an integrated 
porous hydrogen storage electrode is shown in Figure 15. 𝑉𝑐𝑒𝑙𝑙 and 𝐼𝑐𝑒𝑙𝑙 are the voltage and 
the current of the cell respectively. 
H  and O  are the overpotentials on the hydrogen and 
oxygen electrode respectively. 𝑅𝑒
𝑂 and 𝑅𝑒
𝐻 are the electrode resistances (to electron flow) on 
the oxygen and hydrogen side respectively, and 𝑅𝑚
𝐻+is the electrolyte resistance to proton 
flow. HE0  and 
OE0  are the reversible equilibrium potentials on hydrogen and oxygen sides 
respectively.  
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Figure 15: The equivalent circuit for the electrochemical cell in E mode 
 
The general equation describing the total potential in the cell is equal to the summation of the 
entire potential drops element in the circuit as follows: 

 Hmcell
H
e
O
ecell
OOHH
cell RIRRIEEV )()()( 00         (1) 
In the following sections the analytical model is presented based on the Butler-Volmer 
equation for O-side and H-side to relate the overpotentials to the corresponding current 
densities. 
  
4.2.2.2 Oxygen-side reaction in E mode 
 
The relationship between the current density and overpotential onn the oxygen side can be 
described by the Butler-Volmer equation (Doddathimaih and Andrews, 2008): 
]
2)1(
exp()
2
[exp(0
RT
F
RT
F
jj
OOOO
OO
cell
 
        (2) 
where 
O
cellj  is the current density in the oxygen electrode, 
Oj0 is the exchange current density 
on the oxygen side, 
O is the overpotential on the oxygen side, 
O is the charge transfer 
coefficient on the oxygen side, F is the Faraday constant, T is the temperature, and R is the 
gas constant. 
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By inverting equation (2), we can express the overpotential on the oxygen side in terms of 
current density and the other parameters as: 
),,,( 0
1 Tjjf OOOcell
O   .      (3) 
 
4.2.2.3 Hydrogen-side reaction 
 
Figure 16 shows a schematic of the hydrogen storage electrode. It is assumed that the 
potential and current in the electrolyte and acid can vary in the direction x but are constant in 
the plane orthogonal to x. Hence, this is a simplified one-dimensional theoretical analysis. 
 
 
Figure 16: Schematic of hydrogen storage electrode, which has a negative potential applied during charging, with a positive 
potential applied to the oxygen electrode 
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The potential difference between the proton conducting medium and the H-storage medium 
within a layer of infinitesimal thickness δx at distance x from the boundary of the electrode 
with the membrane (or primary electrolyte) of the reversible fuel cell can be written as: 
)()()( xxx cnnc    (4) 
where )(xc is the potential  of the H-storage medium in the layer, and )(xn is the 
corresponding potential in the proton conducting medium . By applying a negative charging 
electric potential to the right hand side of the electrode, both )(xc and )(xn will fall with 
increasing x.  
 
According to the conservation of charge we have: 
cellnc jxjxj  )()(                   (5)
  
where )(xjc is the current density due to electron flow through the H-storage particles in the 
layer at x, )(xjn is the current density due to proton flow through the proton conducting 
medium, and cellj (x) 
is the current density of the cell (relative to active area of the electrode).  
The reversible reaction of charging and discharging process is:   
HnCeHnC ][             (6) 
Let us assume the electrochemical current )(xj in this reaction can be described by a Butler-
Volmer equation in the form of: 
]
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exp()
2
[exp(. 0
RT
F
RT
F
jxj
HHHH
HH
BV



   (7) 
where 
Hj0 is the exchange current density in hydrogen electrode,
H is the overpotential on 
hydrogen side and H is the charge transfer coefficient on hydrogen side. The use of this 
equation assumes that the basic conditions of the charging reaction are constant over time. In 
other words, no account is taken of the effects of filling up the available storage sites with 
hydrogen. In actuality, as the available hydrogen storage capacity approaches being filled, 
both the exchange current density and the charge transfer coefficient for this reaction will 
progressively change with time.  So this model holds as long as there are plenty of available 
storage sites left within the porous carbon material.  
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As 0x  and given:  
)()()( xjxjxj cn
H
BV              (8) 
Equation 7 becomes: 
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dj HHHHHc                 (9) 
 
The potential gradient within the H-storage medium can be expanded in terms of the electron 
current density and electron conductivity of the medium using Ohm’s law as follows: 
)()
1
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)(
xj
dx
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c
c
c

 
      (10) 
where c is the electron conductivity of the H-storage medium. 
Similarly the potential gradient in the proton conducting medium within the storage electrode 
can be expanded as:  
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
 
                (11) 
where n is the proton conductivity of this medium. 
Knowing that 0)()( Exx nc               (12) 
and differentiating equation 12  yields: 
c
c
n
ncn
H xjxj
dx
xd
dx
xd
dx
d

 )()()()(
  ,        (13)  
which on substituting for )(xjn  from equation (5) becomes: 
c
c
ccell
n
H xj
xjj
dx
d

 )(
))((
1
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Therefore   
n
cell
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c
H j
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dx
d
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)((       (15) 
Differentiating equation (15) gives: 
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
          (16) 
But from equation (9) 
dx
xdjc )(  can be expanded as a function of  and hence by substituting 
for 
dx
xdjc )(  in equation (16) a second order differential equation for   is obtained: 
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  .             (17) 
To solve equation 17 that is a second-order differential equation the following boundary 
conditions should be applied based on the physics and properties of the electrodes: 
• referring to Figure 17, at x=D the proton current must fall down to zero since no 
proton can flow into the right-hand end plate. 
Hence: 
0)( Djn         (18) 
and cellc jDj )(       (19) 
• At x=0 the electron current must similarly fall down to zero since no electron can pass 
into the electrolyte. 
Hence: 
celln jj )0(                (20) 
and 0)0( cj        (21) 
Knowing that: 
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The following boundary conditions are obtained: 
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4.2.3 Fuel cell mode 
 
4.2.3.1 Current flows and potential variation 
 
An equivalent circuit representing a proton flow battery in FC mode with an integrated 
activated carbon hydrogen storage electrode is shown in Figure 17.  
 
Figure 17: The equivalent circuit for a proton battery in E mode 
 
The applied resistance across the cell in fuel cell mode is shown in figure above. 𝑉𝑐𝑒𝑙𝑙 and 
𝐼𝑐𝑒𝑙𝑙 are the voltage and the current of the cell respectively. 
H  and O  are the overpotentials 
on the hydrogen and oxygen electrode respectively. 𝑅𝑒
𝑂 and 𝑅𝑒
𝐻 are the electrode resistances 
(to electron flow) on the oxygen side and hydrogen side respectively, and 𝑅𝑚
𝐻+is the 
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resistance of the proton conducting medium. HE0  and 
OE0  are the reversible equilibrium 
potentials on hydrogen and oxygen electrodes respectively, similarly to E mode. 
The general equation between voltage and current in FC mode can be written as: 

 Hmcell
H
e
O
ecell
OHHO
cell RIRRIEEV )(00                 (25) 
It should be noted that in fuel cell mode, ηO and ηH are negative. 
 
4.2.3.2 Oxygen-side reaction in FC-mode 
 
The Butler-Volmer equation for the O-side reaction is again Eq. 2, the same as in E-mode but 
now in FC mode  <0 so the equation can be written as : 
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To solve equation 26 in FC mode the inverse function is use as we did in E mode.  
So we have: 
),,,( 0
1 Tjjf OOOcell
O              (27) 
It should be noted that for 5.0O , O has the same magnitude in FC mode as in E mode but 
is negative. 
 
4.2.3.3 Hydrogen-side reaction in FC-mode 
 
In the hydrogen-side electrode in FC mode, all the steps and the analytical solution are 
similar to those mentioned in section 2.2.1.3 but with a negative sign. 
So the second-order differential equation derived by the analytical solution for FC mode can 
be written as: 
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        (28) 
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The first term here has a negative sign for overpotential, while the second term has a positive 
sign. It should be noted that for 5.0H , H  has the same magnitude in FC mode as in E 
mode but is negative. 
 
4.3 Conclusion 
 
In this chapter a one-dimensional theoretical analysis normal to the active surface of the 
electrodes in a reversible electrochemical cell has been developed. A Butler-Volmer type 
equation relates the rate of adsorption of hydrogen to the potential difference between the 
activated carbon surface and the electrolyte in hydrogen side electrode. By applying 
boundary conditions, a second- order differential equation has been derived that relates the 
potential between the proton conducting medium and the hydrogen-storage medium. In the 
next chapter a MATLAB program is developed to solve the developed equation numerically. 
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5 MATLAB SIMULATION OF AN ELECTROCHEMICAL 
HYDROGEN STORAGE CELL: BASE CASE AND 
PARAMETRIC STUDY 
 
5.1  Overview  
 
In this chapter, numerical solutions of the equations derived in chapter 4  relating the 
potential difference between the proton conducting medium and the hydrogen storage 
material, the oxygen-side overpotential, and the current density, in the reversible cell with an 
integrated H-storage electrode are found for both E- (hydrogen charging) and FC- (hydrogen 
discharging) modes using MATLAB software. Theoretical VI curves for the cell operating in 
E and FC modes are thus generated for the assumed base-case values for key input 
parameters. A parametric study is then conducted to explore the influence of these input 
assumptions on the resulting V-I curves. 
 
5.2 Cell characteristic 
 
The physical properties of the electrochemical cell modelled theoretically and with 
MATLAB are assumed to be the same as those of an actual cell used in the corresponding 
experimental procedure described later in Chapter 6.  
Thus the oxygen electrode used is assumed to be a Pt wire, as shown in Figure 18. The 
oxygen gas generated on the wire surface is collected in the cylinder at the other end of the 
wire. The Pt wire diameter is 1 mm and the length of the wire is about 10 cm. Hence 
14.3101.014.3 electtrodeOA  cm
2 
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Figure 18: The oxygen-side electrode 
 
The electrolyte used in the electrochemical cell is assumed to be dilute sulphuric acid with 1 
molar concentration. The proton conductivity of the dilute sulphuric acid is taken as (Oberoi, 
2015): 
 S/cm   
The properties of the hydrogen—storage electrode are assumed to be those of an activated 
carbon, named aCP and obtained from Oberoi’s (2015) experiment as presented in Table 2. 
It is important to mention that these are the bulk properties of an electrode made from aCP, 
with a 10 wt% PTFE binder. The electrical conductivity is measured for the electrode with 
the binder, and the proton conductivity is for the electrode soaked in dilute sulphuric acid as 
proton conducting medium, as used in the experimental electrochemical cell studied in 
chapter 6.  
 
Table 2: Physical and electrical characteristics of the carbon electrode used in the theoretical model 
 
Sample 
Width 
(cm) 
Length 
(cm) 
Area 
cm² 
 
Thickness 
(cm) 
 
Proton 
conductivity 
(S/cm) 
 
Electrical 
conductivity  
(S/cm) 
 
Activated 
carbon  
W L A = W x L Th  σp  σe  
aCP 2.4 2.4 5.76 0.2 0.0043 12.86 
 
Other constant input parameters used in the mathematical model of the electrochemical cell 
are presented in Table 3, and again are the same as those of the experimental cell with and 
138.0n
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aCP electrode investigated in chapter 6. These parameters are assumed to be the same in both 
E mode and FC mode. 
  
Table 3: Constant input parameters used in simulation 
Parameter Description Value unit 
F Faraday constant 96485.3 Coloumb/mol 
R Gas constant 8.3145 j/mol K 
T temperature 298 K 
σp Proton conductivity of 
carbon electrode 
0.0043 S/cm 
σe Electron conductivity 
of carbon electrode 
12.86 S/cm 
Th Thickness of carbon 
electrode 
0.2 Cm 
AO Oxygen electrode area 3.14 Cm2 
AH Hydrogen electrode 
area 
5.76 Cm2 
n  Proton conductivity of 
bulk electrolyte  
0.138 S/cm 
W Width of hydrogen 
electrode 
2.4 Cm 
L Length of hydrogen 
electrode 
2.4 Cm 
 
5.3  Base case analysis 
 
In the base case, the input parameters for the model are based on Dodathimmaiah’s (2008) 
experiment on a URFC.  The variable input parameters are j0
H, j0
O, αH, αO, E0H and E0O. 
Table 4 shows the base-case parameter values. 
Table 4: basic case variable input values 
Hj0
(A/cm2) 
Oj0
(A/cm2) 
H  O  HE0
(V)
 
OE0
(V)
 
0.07 3e-5 0.5 0.5 0.2 1 
 
In the oxygen-side electrode, the Butler-Volmer equation as given by earlier equation 2 is:   
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Now considering the oxygen-side area equal to 3.14 cm2, equation 2 can be written in the 
form of current as below: 
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          (29) 
Equation (29) is solved for overpotential on the oxygen side for different values of current.  
For example, for cellI =50 mA 
 OO ee  393953 10314.31050    
Hence: 
1610.0O  V 
Repeating the same procedure for the different current values gives in each case the 
corresponding overpotential in E mode. The results obtained are summarized in Table 5. 
 
Table 5: Overpotential on O-side for diffent currents in E mode calculted using the theoretical model 
cellI  (mA)
 O (v) 
50 0.1610 
40 0.1551 
30 0.1476 
20 0.1371 
10 0.1189 
5 0.1020 
1 0.0590 
0.01 0 
0.0001 0 
0 0 
 
Figure 19 shows the overpotential on O-side for the base case where αO=0.5 and j0O=3×10-5 
A/cm2 for different current values in E mode.  
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Figure 19: O-side overpotential vs current curve in E-mode 
 
In the hydrogen-side electrode, putting the base-case parameter values into equation 17 and 
by applying boundary conditions 23 and 24: 
    
    
 
The results for the overpotential on the hydrogen side for different current values in E mode 
can be found by numerical solution of the equations using MATLAB. These are shown in 
Table 6.  
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Table 6: Overotential on hydrogen side for different currents calucalted using the theoretical model with 
numerical solution using Matlab 
cellI  (mA)
 H (v) 
50 0.1069 
40 0.095 
30 0.081 
20 0.062 
10 0.032 
5 0.0076 
1 0 
0.01 0 
0.0001 0 
0 0 
 
Figure 20 shows the overpotential on H-side for different current values in E mode for the 
base case where αO=0.5 and j0H=0.07 A/cm2.  For this exchange current density value the 
overpotential did not follow the expected trend at the beginning for the low value of current, 
that is,  an increase but only slowly, so in the next simulation values for j0H>07 were chosen.
 
 
 
Figure 20: O-side overpotential vs current curve in E-mode. 
 
One of the benefits of this new theoretical model is that the change in overpotential and 
current density can be computed through the thickness of the hydrogen-side electrode. This 
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relationship is plotted in Figure 21, which shows the overpotential on hydrogen side versus x 
(normal distance into electrode from its boundary with the electrolyte) for the base case and a 
current I=50 mA in E mode. It can be seen that the overpotential as the driving force in E 
mode for the hydrogen adsorption reaction decreases with increasing distance x into the 
electrode. 
Figure 22 shows the current densities in the hydrogen-side electrode due to proton and 
electron flows. The proton current density, jn, decreases with increasing distance x into the 
electrode, while the electron current decreases, in such a way that the total effective current at 
each x stays constant, in line with  equation 30. cellnc jxjxj  )()(  (30)  
 
Figure 21: Overpotential in H-side electrode versus x, the normal distance into the electrode from its boundary with the 
electrolyte 
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Figure 22: Current densities due to electron and proton flow in H-side electrode versus x 
 
Another significant graph coming out of the simulation is the rate of proton adsorption in the 
hydrogen electrode, which here is defined as
dx
djn . Figure 23 shows the variation of this rate 
through the electrode thickness. The rate of hydrogen adsorption is at a maximum in the first 
layer of the storage electrode, nearest the electrolyte, and falls at a decreasing rate moving 
towards the outer face of the electrode where it is zero. 
 
 
Figure 23: Proton adsorption rate within hydrogen electrode versus distance x into the electrode from the electrolyte 
boundary 
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Finally the outputs of the model for the base case for Icell, the overpotentials on electrodes, 
E0
O and E0
H are shown in Table 7 and the corresponding VI curve is plotted Figure 24. 
Table 7: input variable values for the base case analysis 
cellI  
O  H  Vm E0
O E0
H Vtotal 
E 
mode 
Vtotal 
FC mode 
50 0.1610 0.1069 0.12 1 0.2 1.61 -1.61 
40 0.1551 0.095 0.094 1 0.2 1.57 -1.57 
30 0.1476 0.081 0.067 1 0.2 1.52 -1.52 
20 0.1371 0.062 0.04 1 0.2 1.47 -1.47 
10 0.1189 0.032 0.2 1 0.2 1.41 -1.41 
5 0.1020 0.0076 0.013 1 0.2 1.36 -1.36 
1 0.0590 0 0.002 1 0.2 1.27 -1.27 
0.01 0 0 0 1 0.2 1.2 -1.27 
0.0001 0 0 0 1 0.2 1.2 -1.2 
0 0 0 0 1 0.2 1.2 -1.2 
 
Referring to equation 25, the VI curve in fuel cell mode is obtained and showed in Figure 24.  
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Figure 24: Voltage – current curves in E-mode and FC- generated by the new model when both charge transfer coefficients 
are 0.5 
 
It can be seen in this case where αO = αH = 0.5 that the V-I curve in FC-mode is a reflection 
of the E-mode curve about the line Vcell = E0=1.2 plus the sign change for Icell, the latter 
reflecting the reversal of the direction of current flow on switching between modes. This case 
thus corresponds to an ideal reversible cell that performs equally well in both modes, so far as 
the increase in the absolute values of the electrode overpotentials with increasing cell current 
is concerned. 
 
5.4  Parametric analysis: effect of varying key input parameters 
 
In this section, the influence of changing the charge transfer coefficients and exchange 
current densities on the relationships between overpotentials on each electrode and current, 
and between cell voltage and current, in both E-mode and FC mode are investigated. Also the 
effect of reversible potential on hydrogen side electrode as a barrier for storing hydrogen is 
evaluated. 
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5.4.1 Changing charge transfer coefficients  
 
5.4.1.1 Charge transfer coefficient αO 
 
In the first case, all the input variables are held constant while the charge transfer coefficient 
αO is varied between 0.4 and 0.7, as in Table 8. 
 
Table 8: Input values for the case where αO changes 
Run 
number 
Parameter 
Hj0
(A/cm2) 
Oj0
(A/cm2) 
H  O  HE0
(V)
 
OE0
(V)
 
1 0.07 3e-5 0.5 0.5 0.2 1 
2 0.07 3e-5 0.5 0.4 0.2 1 
3 0.07 3e-5 0.5 0.6 0.2 1 
4 0.07 3e-5 0.5 0.7 0.2 1 
 
Figure 25 shows the overpotential on O-side versus current for different values of αO in both 
E mode and FC mode.  
 
Figure 25: O-side overpotential vs current curves in E-mode and FC-mode generated by the model for the different values of 
O-side charge transfer coefficient, αO 
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If αO is increased above 0.5 towards 1 while all other input parameters are held constant, the 
O-side overpotential at each current decreases progressively in E-mode, as seen in Figure 25. 
In FC-mode, the increasing value of αO above 0.5 towards 1 increases the magnitude of the 
overpotential in FC-mode. It means that for the values above 0.5, the E mode reaction is 
favoured in rather than FC mode. Similarly for decreasing values of αO below 0.5, the 
magnitude of the overpotential in FC-mode decrease, as also shown in Figure 25. Thus, it can 
be noted that the performance in FC-mode will improve for decreased values of αO. 
Figure 26 shows the family of V-I curves obtained by varying αO while keeping other input 
parameters constant (as in Table 8).  
 
Figure 26: V-I curves obtained by varying αO while holding other input values constant (see Table 8) 
 
It can be seen that, as long as the charge transfer coefficient increases, the overall cell 
potential decreases in E mode. On the other hand, in FC mode the cell potential compared to 
the reversible potential increases.  
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5.4.1.2 Charge transfer coefficient αH 
 
Next, all the input variables are held constant while the charge transfer coefficient αH is 
varied between 0.4 and 0.7, as in Table 9. 
 
Table 9: Input values for the case where αH changes 
Run 
number 
Parameter 
Hj0
(A/cm2) 
Oj0
(A/cm2) 
H  O  HE0
(V)
 
OE0
(V)
 
1 0.007 3e-5 0.5 0.5 0.2 1 
2 0.007 3e-5 0.4 0.5 0.2 1 
3 0.007 3e-5 0.6 0.5 0.2 1 
4 0.007 3e-5 0.7 0.5 0.2 1 
 
Figure 27 shows the overpotential on H-side versus current for different values of αH in both 
E mode and FC mode, and Figure 28 the corresponding family of V-I curves. 
 
 
Figure 27: H-side overpotential vs current curves in E-mode and FC-mode generated by the model for the various values of 
H-side charge transfer coefficient, αH 
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Figure 28: V-I curves based on input values from Table 9 
 
On the basis of this analysis, the influences of varying αH and αO can be summarised as 
follows: 
• αH, αO = 0.5 means that electrode is fully reversible, functioning as well in FC mode 
as in E-mode (so far as the increase in overpotential with increasing current is 
concerned). (Figure 28, αH=0.5)   
• αH, αO > 0.5 means that electrode performs better in E-mode than in FC mode. (Figure 
28, αH=0.6) 
• αH, αO < 0.5 means that electrode performs better in FC-mode than in E mode. (Figure 
28, αH=0.4). 
 
5.4.2 Exchange current density 
 
The variation of current with overpotentials and V-I curves for different values of exchange 
current density in both E-mode and FC mode, is investigated in this part. Both charge transfer 
coefficients, αO and αH, will be held at 0.5 so that the effects specifically attributable to 
changes in exchange current density can be isolated. The values of other parameters assumed 
are given in the following table.  
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5.4.2.1 Exchange current density on O-side 
 
Next, all the input variables are held constant while the exchange current density j0
O is varied 
between 3×10-5 and 3×10-7 A/cm2, as in Table 10. 
Table 10: input values for the case where j0H changes 
Run 
number 
Parameter 
Hj0
(A/cm2) 
Oj0
(A/cm2) 
H  O  HE0
(V)
 
OE0
(V)
 
1 0.007 3e-5 0.5 0.5 0.2 1 
2 0.007 3e-4 0.5 0.5 0.2 1 
3 0.007 3e-6 0.5 0.5 0.2 1 
4 0.007 3e-7 0.5 0.5 0.2 1 
 
Figure 29 shows the overpotential on O-side versus current for different values of j0
O both E 
mode and FC mode.  
As 
O
Oj  is decreased, the O-side overpotential (a positive potential) increases progressively in 
E-mode, thus reducing the performance of the URFC. In FC-mode, the O-side overpotential 
is negative and becomes increasingly negative as 
O
Oj  is decreased, again reducing FC-mode 
performance. Conversely, increasing 
O
Oj  improves performance of the URFC in both modes. 
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Figure 29: Current and overpotential variations for decreasing values of exchange current density on O side while holding 
all other parameters constant. 
 
 
Figure 30: V-I curves based on input values from table 9 changing only j0O 
 
It can be seen from the Figure 30 that by decreasing the exchange current density on O-side 
for a specific cell current, cell voltage increases and the performance of the cell in both sides 
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decreases as well. Conversely increasing the exchange current density on O-side decreases 
the cell voltage and the performance of the cell is increased. 
5.4.2.2 Exchange current density on H-side 
 
Next, all the input variables are held constant while the exchange current density j0
H is varied 
between 0.00007 and 0.07 A/cm2 as in Table 11. 
 
Table 11: input values for the case where j0H changes 
Run 
number 
Parameter 
Hj0  
(A/cm2) 
Oj0
(A/cm2) 
H  O  HE0
(V)
 
OE0
(V)
 
1 0.007 3e-5 0.5 0.5 0.2 1 
2 0.07 3e-5 0.5 0.5 0.2 1 
3 0.0007 3e-5 0.5 0.5 0.2 1 
4 0.00007 3e-5 0.5 0.5 0.2 1 
 
Figure 31 shows the overpotential on H-side versus current for different values of j0
H in both 
E mode and FC mode.  
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Figure 31: overpotential on H-side for different values of exchange current density  
 
As 
H
Oj  is decreased, the H-side overpotential (a positive potential) increases progressively in 
E-mode, thus reducing the performance of the URFC. In FC-mode, the H-side overpotential 
is negative and becomes increasingly negative as 
H
Oj  is decreased, again reducing FC-mode 
performance. Conversely, increasing 
H
Oj  improves performance of the URFC in both modes. 
Figure 32 shows the family of V-I curves obtained by varying αO while keeping other input 
parameters constant (as in Table 11).  
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Figure 32: V-I curves based on input values from Table 11 
 
It can be seen from Figure 32 that by decreasing the exchange current density on H-side for a 
specific cell current, cell voltage increases and the performance of the cell in both sides 
decreases as well. 
 
5.4.3 Reversible potentials 
 
In this part of the study the effect of varying the reversible potential in hydrogen side 
electrodes is investigated. In this case, all the input variables are held constant while the 
reversible potential E0
H is change between 0.1 and 0.4 V, as in Table 12. 
 
Table 12: Input values for the case where E0H changes 
Run 
number 
Parameter 
Hj0
(A/cm2) 
Oj0
(A/cm2) 
H  O  HE0
(V)
 
OE0
(V)
 
1 0.007 3e-5 0.5 0.5 0.1 1 
2 0.007 3e-5 0.5 0.5 0.2 1 
3 0.007 3e-5 0.5 0.5 0.3 1 
4 0.007 3e-5 0.5 0.5 0.4 1 
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Figure 33 shows the family of V-I curves obtained by varying E0
H while keeping other input 
parameters constant (as in Table 12).  
 
 
Figure 33: V-I curves based on input values from table 11 
 
It can be seen from the figure 33 that increasing and decreasing the reversible potential on H-
side electrode will shift the cell potential up and down respectively.  The same results can be 
obtained for varying the reversible potential on O-side electrode as well.  
 
5.5 Conclusion 
 
In this chapter a numerical solution has been developed by using a set of MATLAB codes for 
the electrochemical cell voltage and current. The effects of each variable values have been 
studied and various V-I curves and overpotential curves for different currents have been 
obtained. It can be seen that a change of the charge transfer coefficient on both sides changes 
the slope of both overpotential and V-I curves, while changing the exchange current density 
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shifts the overpotential and V-I curves up and down. Increasing the exchange current density 
decreases the overpotential in charging mode since it is acting as a driving force. The 
reversible potential affects the cut-in value of voltage at which current starts to increase on 
the V-I curve. Later in section 6.7.1, the effect of reversible potential on the V-I curve based 
on the physical parameter and characterization of carbon electrode will be investigated. 
In chapter 6 an experimental study is conducted and the experimental VI curves are compared 
with the theoretical ones.  
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6 AN EXPERIMENTAL STUDY OF ELECTROCHEMICAL 
HYDROGEN STORAGE IN SELECTED CARBON-BASED 
MATERIALS  
 
6.1  Introduction  
 
Electrochemical storage of hydrogen in carbon electrodes as part of a reversible fuel cell 
offers a potentially attractive option for storing surplus electrical energy from inherently 
variable solar and wind energy. Activated carbon has been used for this purpose and has 
shown promising potential for storing hydrogen and then releasing it working in fuel cell 
mode (Oberoi, 2015). In this chapter four different types of carbon material have been 
investigated as the hydrogen-storage electrode in a reversible cell with a liquid acidic 
electrolyte. Two samples were the graphitic carbon based namely spherical conductive 
graphite and graphene platelets. The other two were forms of activated carbon: one a 
commercial sample named aCN 99; and the other synthesised from phenolic resin with KOH 
activation.  
The electron conductivity of electrodes made from these four forms of carbon material was 
measured in a small button cell using direct voltage and current measurements and Ohm’s 
Law. The proton conductivities of the electrodes soaked in acid were calculated from the 
protonic resistance measured using Electrochemical Impedance Spectroscopy (EIS). The 
double-layer capacitances of the sample electrodes soaked in acid were measured by cyclic 
voltammetry.  The hydrogen storage capacities of the electrodes were measured in an 
electrochemical cell with a dilute sulphuric acid electrolyte by galvanostatic charging and 
discharging. The best-performing carbon electrodes among these samples for reversible 
electrochemical hydrogen storage were identified. Possible explanations of the relative 
hydrogen storage capacities are offered in terms of physical characteristics of the samples 
such as pore sizes and available internal surface areas as sites for bonding to hydrogen. 
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6.2  Carbon samples and their physical properties 
 
6.2.1 Selection of carbon materials 
 
In the present work different carbon samples have been chosen based on different 
morphology and structure of the particles, and availability, to gain a better understanding of 
the process of proton conduction and bonding in these various materials. The selection 
remains a relatively restricted one, and thus constitutes a starting point in this form of 
analysis rather than any attempt at being more comprehensive. 
The carbon materials used to prepare electrodes are listed in Table 13 along with data on their 
physical characteristics. 
Table 13: physical characteristics of selected carbon samples 
Sample Particle 
size(micron) 
Pore 
volume(cm3/g) 
Bulk 
density(g/cm3) 
Source 
aCN Norit 99 ~20 600 0.42 Sigma-Aldrich 
Co. LLC 
1:7 KOH 
phenolic 
resin 
N/A 1450 0.16 Monash 
University, Dr 
Mamun 
Mullah 
Graphene 
platelets 
~15-20 Not applicable, 
since particles 
are not porous 
0.11 Dr Shuying 
Wu from 
RMIT 
University 
Spherical 
graphite 
~5-40 Not applicable, 
since particles 
are not porous 
0.83 Triton 
Minerlands 
LTD 
 
 
6.2.2 Activated carbon samples  
 
Two types of activated carbon have been tested,  aCN Norit 99 and phenolic resin activated with 
KOH (Table 12).  
The aCN Norit 99 sample was a commercially-available activated carbon, also called 
‘activated charcoal’. Figure 34 shows the morphology of this sample. 
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Figure 34: The morphology of charcoal sample  
 
As can be seen in figure 34, this sample was supplied in the form of relatively large particles 
(3 mm diameter), which were then ground using a mortar and pestle into a powder of much 
smaller particles (20 micron) (Figure 35). 
 
Figure 35: Activated carbon Norit 99 in powder form  
 
The SEM machine available in Australian Microscopy and Microanalysis Research Facility 
(AMMRF) at RMIT University was employed for imaging the carbon samples used in this 
research project. High vacuum was used when imaging the carbon samples with a high 
accelerating voltage of 20 kV. A sticky double-sided conductive carbon tape was used to 
mount the carbon samples on stubs in the SEM. An SEM image for aCN 99 is shown in 
Figure 36. The average particle size distribution is around 5 micron.  
1 Cm 
1 Cm 
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Figure 36: SEM image of activated carbon Norit 99 powder 
 
Another activated carbon used in the electrochemical cell and proton battery experiment was 
made from phenolic resin activated with KOH 1:7. This activated carbon from phenolic resin 
activated KOH 1:7 has mesoporous and microporous porosity, which is suitable for storing 
hydrogen. The properties of this sample are shown in Table 14. 
 
 
 
 
93 
 
Table 14: Properties of the aC KOH 1:7 (Mamun Mollah Monash University) 
 
sample BET 
surface 
area 
(m2/g) 
Micropore 
volume 
(cm3/g) 
Co2 
Adsorption 
Mesopore 
volume 
(cm3/g) 
N2  
Adsorption 
Total 
pore 
volume 
(cm3/g) 
Bulk 
density 
(g/cm3) 
aC KOH 
1:7 
3870 0.56 0.82 1.38 0.16 
 
6.2.3 Graphene platelets  
 
The third sample used in this project for electrochemical hydrogen storage measurement was 
a powder of graphene platelets supplied by Dr Shuying Wu from RMIT University (School of 
Engineering) and made in the RMIT University Composites Lab (Shuying Wu et al. 2015). 
Figure 37 shows the graphene platelets powder.  
 
Figure 37: graphene platelets powder 
 
An SEM image of a thin layer of graphene platelets resting on a glass surface is shown in 
Figure 38. Each graphene platelet was formed by stacking in the order of 20 layers of 
graphene with ~0.35 nanometre spacing between each layer (Shuying Wu et al. 2015). For a 
typical platelet 15 µm x 10 µm and 10 nm thick, the surface area of the top and bottom planes 
is 600 times that of the edge planes.  
 
1Cm 
94 
 
 
Figure 38: SEM image of graphene platelet sample 
 
6.2.4 Spherical conductive graphite  
 
The final sample used in this project was a powder of spherical conductive graphite. This 
material is the same as that used in Li-ion batteries in which lithium ions intercalate between 
the graphene layers that for the graphite. So using this material for electrochemical hydrogen 
storage promised an interesting comparison in terms of storage and reversibility. 
Figure 39 shows the SEM image of this sample. The typical particle sizes varied from 5 to 40 
micron. According to data from the supplier, the spherical graphite consisted of an average of 
90% distribution at <35 microns, 50% distribution at <13 microns and 10% distribution at 
<4.5 microns (Triton Minerlands LTD). 
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Figure 39: SEM image of the conductive graphite powder 
 
 
6.3  Fabrication of carbon-PTFE electrodes   
 
6.3.1 Weighing and mixing 
 
All the carbon samples were weighed by using a digital weighing scale to measure their mass, 
density, and the required amounts needed to fabricate electrodes (Figure 40). The selected 
carbon samples weight varies from 1 to 1.8 grams in the square shape and from 0.3 to 0.7 
grams in circular shape. 
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Figure 40: Digital weighting scale used in this work (source: www.weigh.com.au) 
 
The next step is to add PTFE to the carbon powder to make electrodes. A commercial 
polytetrafluoroethylene (PTFE) solution was added into already-weighed carbon powder and 
mixed in a magnetic stirring device (Figure 41) to get a uniform distribution. The mass of 
PTFE solution added was set to achieve a 10% proportion of the total electrode mass after 
evaporation of the solvent in which the PTFE was dissolved. For example, for the sample 
electrode made from spherical conductive graphite had a total mass 1.8 g, comprised of 0.18 
g PTFE and 1.62 g of the graphite powder.  
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Figure 41: Magnetic stirring device used to mix PTFE and carbon 
 
6.3.2 Moulding  
 
The slurry of carbon particles and PTFE solution was then poured into an aluminium mould 
of dimensions 25 mm x 25 mm x 2 mm to obtain the desired shape of the electrode, as shown 
in Figure 42. 
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Figure 42: The mould used to fabricate square carbon-based electrodes with PTFE binder 
 
After filling with the carbon-PTFE mixture, the mould was put in an oven and heated for two 
hours at a temperature of 110º C to evaporate all the solvent from the mixture. The resulting 
solid electrode was then removed from the mould and was ready to be used, as shown in 
Figure 43.  
 
Figure 43: Fabricated activated carbon-PTFE solid electrode 
 
6.4  Proton and electron conductivity measurements  
6.4.1 The nature of the electron and proton conductivities within a carbon electrode 
soaked in acid  
 
Proton and electron conductivities are electrical properties of a material. Electron 
conductivity measures the material’s ability to conduct electrons, while proton conductivity 
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shows how porous is the material based on the proton movement inside the material porosity. 
In the present work proton conductivity of all selected carbon-based material has been 
measured within an electrode soaked in dilute acid. So it should be noted that the proton 
conductivity values obtained represent the movement of proton in the bulk electrolyte (Figure 
44) and also the electrolyte which penetrate within the porosity of selected materials (Figure 
45).  
 
 
 
 
 
 
 
 
 
Figure 45: Acid penetrated within the porosity of activated carbon particles 
 
It should be noted that the electron conductivity is obtained from the solid medium of the 
electrode and the value measured here is bulk property of the electrode reflecting its porosity. 
Figure 44: Presence of acid in the bulk 
electrolyte between the particles 
Acid between the 
particles 
Carbon particles 
Carbon particles 
Acid within the 
carbon porosity 
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On the other hand, the proton conductivity of the electrode arises when acid fills the pores in 
the solid medium, both between particles and within particles. Proton conductivity as 
measure here is thus also a bulk property of the electrode plus acid, and not just the proton 
conductivity of the acid itself. 
 
6.4.2 Electrochemical impedance spectroscopy 
 
The proton conductivity of a porous electrode with pores filled by acid, as in the present case, 
can be measured by using electrochemical impedance spectroscopy (EIS). EIS is a 
characterisation and diagnostic technique that can be used in battery and fuel cell technology 
and devices (S. Buller et al. 2005). Electrochemical impedance is usually measured by 
applying an AC potential to an electrochemical cell and then measuring the resulting AC 
current through the cell. The impedance is then calculated and represented as a complex 
number on a Nyquist diagram where in the horizontal axis is the real part of the impedance 
and the vertical axis is negative of the imaginary part. A sample EIS output the spherical 
graphite is shown in Figure 46 (M. Tliha et al. 2010). The intersect of the Nyquist plot at the 
beginning which is at high frequency indicates the total resistance of the cell including the 
electrode. Then by subtracting the resistance of the holders and the membrane in between, 
what is left is the proton conductivity of the electrode. 
 
 
Figure 46: Nyquist plot for the spherical graphite sample obtained using Electrochemical Impedance Spectroscopy. 
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In the present work a Versastat 3 workstation machine was used to apply EIS. All the EIS 
tests were performed in the Sustainable Hydrogen Energy Lab, at RMIT University, 
Bundoora east campus, by the author. 
 
6.4.3 Design and manufacture of the test cell for EIS method 
 
In this study a split flat coin cell was used to perform the EIS test to measure the proton 
conductivity of the carbon electrodes soaked in 1 M sulphuric acid. The arrangement of the 
cell was such as the carbon electrode is sandwiched between two nafion-117 membranes. The 
nafion membranes are good proton conductors by very poor electron conductors. Hence the 
only current that can pass through the carbon electrode as an AC potential is applied across 
the whole cell is due to proton conductivity. So we can be sure that the resistance measured 
by the EIS test is due to proton movement.  
To model the response of the EIS test, an equivalent circuit is shown in Figures 47 and 48. 
 
Figure 47: Test configuration for measurement of proton resistance with EIS (J. Jazaeri 2013). 
 
Figure 48: Equivalent circuit for measurement of proton resistance with EIS (J. Jazaeri 2013). 
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The electrical resistance of the metal electrodes are represented as Re1 and Re2 in Figure 7. 
The double-layer capacitances phenomena at the interfaces of the nafion membrane and the 
metal electrodes are represented by two sets of straight capacitors and resistances in parallel. 
The resistance of the nafion membrane to ion (H+) transfer is Rmem. The total effective 
impedance for the equivalent circuit shown in Figure 48 is given by the following equation: 
 
Z = Re1 +
R1×
1
jωC1
R1+
1
jωC1
+ Rmem + Relectrode + Rmem +
R2×
1
jωC2
R2+
1
jωC2
+ Re2       (31) 
so as: 
 
ω → 0,    Z  → Re1 + R1 + Rmem + R2 + Re2 
 
and as: 
 
 ω → ∞,     Z → Re1 + Rmem + Re2 
 
At the high frequency limit, the total resistance measure on the real axis of the Nyquest plot 
represents the total proton resistance of the electrode, membranes and the plates (V. Ijeri et 
al. 2010). 
 
So the final equation at high frequency for the equivalent circuit is simplified to: 
 
Z(ω → ∞) = Re1 + Rmem + Relectrode + Rmem + Re2 
 
Where Re1 and Re2 are the ohmic resistances of the endplates due to electron flow, Rmem is the 
nafion resistance and Relectrode is the carbon electrode resistance due to proton flow.  
 
The total series ohmic resistance of the test rig includes the resistance of the stainless steel 
plates and the connecting wires to the EIS cell, that is introduced as Re1   and Re2.  This total 
series DC resistance to electron flow of the EIS set-up was measured separately simply by 
connecting together the EIS electrodes as shown in Figure 47. The Nyquist plot obtained for 
the corresponding EIS test is shown in Figure 49. 
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The results from EIS test for the two end plates shows that the total ohmic resistance for the 
outer plates was equal to 0.354 ohm (which is 0.177 ohm for each plate).  
The proton conductivity of the nafion-117 used was measured earlier by Amandeep Obreoi 
and was equal to 0.1 S/cm (Obreoi, 2015).  
 
6.4.4 Proton conductivity of the carbon electrodes soaked in acid 
 
The EIS test was run for the whole circuit (Figure 48) and the total series resistance of the 
carbon electrode, nafion membranes and the end plates read from the high-frequency 
intercept on the real axis in the Nyquist plot. Knowing the ohmic resistance of the plates and 
the proton resistance of the nafion membranes the proton resistivity of the carbon electrode 
can be obtained from the equation: 
 
Rcomp = REQ − Re1 − Re2 − 2Rmem           (32) 
 
Figure 49: Equivalent circuit for measurement of proton resistance with EIS (J. Jazaeri 2013). 
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where REQ is the total resistance of the set up.  
 
Then the proton conductivity of the carbon electrode is calculated from: 
 
σcomp =
t
RcompA
                  (33) 
 
where t is the thickness and A is the area of the carbon electrode. The measured proton 
conductivities of electrodes made from the four carbon samples are shown in the Table 15. 
 
6.4.5 Electron conductivity of the carbon electrodes  
 
The bulk electron conductivities of the carbon electrodes were measured simply by using a 
multimeter and a split flat coin cell. In this configuration the carbon electrode was 
sandwiched between two stainless-steel plates and the total ohmic resistance of the set up was 
measured. Subtracting the ohmic electron resistance of the end plates from the total resistance 
measured gave the effective bulk resistance of the carbon electrode (RE), assuming contact 
resistances are negligible. The electron conductivity (σE in S/cm) can then be calculated from: 
𝜎𝐸 =
𝑡
𝑅𝐸𝐴
               (34) 
where 𝑡 and A are respectively the thickness and the area of the sample material in cm. The 
experimentally-measured electron and proton conductivities of electrodes made from all the 
carbon samples are shown in Table 15.  
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Table 15: Experimentally measured proton and electron conductivities of the aC-PTFE electrodes. 
Sample 
t 
(cm) 
A 
(Cm2) 
Proton 
conductivity 
of the sample 
in S/cm 
(σp) 
Electrical 
conductivity of  
the sample in 
S/cm 
(σe) 
aC’N 99  0.2 0.017 0.009±0.0004 7.8±0.3 
Graphene platelets 0.2 0.017 0.005±0.0002 10.2±0.5 
Flake graphite 0.2 0.017 0.001±0.0001 3.7±0.1 
Spherical graphite 0.2 0.017 0.016±0.0008 12.1±0.6 
  
6.5 Double-layer capacitance of carbon electrodes 
 
6.5.1 Overview 
 
The double-layer capacitance and reversible hydrogen storage capacity of the composite 
carbon electrodes with PTFE binder were measured using a liquid dilute sulphuric acid (1 M) 
electrolyte with this acid also penetrating into the spaces between carbon particles in the 
electrode, and into the internal pores of particles for the activated carbon electrodes. This 
capacitance is formed on the interfaces between the surfaces of carbon particles and the 
sulphuric acid that penetrates through the electrode, and between the inner pore surfaces and 
the acid. The influence of an electric field across the cell, protons in the form of hydronium 
ions move towards the surfaces of carbon particles (outer and inner). This surplus positive 
charge attracts electrons within the carbon towards the same surfaces. Hence the system acts 
like a capacitor, generating so-called double-layer capacitance. This capacitance thus 
contributes to the measured hydrogen storage potential of the carbon electrodes since the 
positively-charged hydronium ions (and the protons within them) are held electrostatically 
near the negatively-charged surfaces of pores within the carbon particles (in the case of 
porous activated carbon), or near the outer surfaces of the carbon particles in the case of the 
other samples. 
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6.5.2 Experimental setup to measure double-layer capacitance 
 
A split flat coin cell for battery R & D supplied by MTI (Figure 50) was used to measure the 
double-layer capacitance of all the fabricated carbon electrodes. 
 
Figure 50: Split flat coin cell for battery R & D of 15 mm diameter, used to measure double-layer capacitance 
 
This coin cell comprised two end plates or metal electrodes with attached terminal clips for 
electrical connections (Figure 51). One of the end plates had a cavity of 15 mm diameter to 
accommodate the electrodes to be tested. The two identical test electrodes were separated by 
an electrical insulator made from filter paper. 
 
 
 
 
 
 
 
The end plates of the split flat coin cell were fastened by four screws and wing nuts. The 
electrolyte used was 1 M dilute sulphuric acid. 
Figure 51: Exploded view of split flat coin cell, diameter 
15 mm 
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6.5.3 Double-layer capacitance of the carbon electrodes 
 
Cyclic voltammetry was employed to measure the double-layer capacitance of the carbon 
electrodes using a VERSASTAT 3 electrochemical workstation.  
Cyclic voltammetry (CV) is a very useful tool in the field of electrochemistry that has been 
applied to measuring the double-layer capacitance of supercapacitors, fuel cell and batteries 
(Hainan Wand and Laurent Pilon 2012). In such applications, only ions can access the 
electric double-layers formed at the electrode/electrolyte interfaces and there is no net 
electronic current due to presence of an electric insulator in between the two endplates of the 
cell. In CV an electric potential is applied between the two end plates of the cell and varied 
with time linearly and periodically the current generated over time is measured.  
The shape of the cyclic voltammogram can be used to analyse the electrochemical charging 
and discharging process (Hainan Wand and Laurent Pilon 2012). At the beginning of the 
cyclic voltammetry test, the current increases by increasing the potential from zero to the 
maximum in charging of the carbon composite electrode, followed by decrease in voltage due 
to which the current goes negative. 
Pairs of circular electrodes were fabricated for each carbon sample using the bottom cell 
mould shown in Figure 51 and the process described earlier in section 6.3.2 
Each pair of electrodes was electrically separated in the cell by a porous filter paper serving 
as the electric insulator. The split flat coin cell was then closed and connected to the 
electrochemical workstation through terminals as shown in Figure 52. 
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Figure 52: A schematic of the split flat coin cell connected to the electrochemical workstation for cyclic voltammetry 
(Amandeep Obreoi, 2015) 
 
 
Figure 53: Equivalent circuit for capacitance measurement in a bottom cell set up 
 
The equivalent circuit associated with the capacitance measurement arrangement is shown in 
Figure 53. In this Figure, Re1 and Re2 represent the resistances of the end plates, Re represents 
the resistance of the electrode, and Rp is the bulk resistance between its two faces, to proton 
transport. The electrochemical workstation was set to perform cyclic voltammetry or the 
linear sweep of potential (from 0 volts to 1.5 volts) with respect to time was applied and 
voltage was increased in equal incremental steps. 
 
Figures 54 to 57 show the linear sweep voltammogram for selected carbon samples.  
 
109 
 
 
Figure 54: Cyclic voltammogram for graphite-PTFE sample electrode, Scan rate 2mV/s 
 
Figure 55: Cyclic voltammogram for flake graphite-PTFE sample electrode, Scan rate 2mV/s 
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Figure 56: Cyclic voltammogram for graphene-PTFE sample electrode, Scan rate 2mV/s 
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Figure 57: Cyclic voltammogram for aC’N99-PTFE sample electrode, Scan rate 2mV/s 
 
 
The peak current where the graph tends to horizontal line was estimated from the 
voltammogram to calculate the double-layer capacitance per unit mass of carbon composite 
in the electrodes using the equation (A. Velikonja 2014). 
 
𝐶 =  
𝐼𝑝𝑒𝑎𝑘
𝑉𝑡× 𝑀𝑐
              (35) 
where 
C → capacitance in F/g 
Ipeak → peak current in mA (the highest identified value of current from Figure 39) 
Vt → scan rate in mV/s 
Mc → mass of carbon in gram. 
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In the present study the scan rate applied in linear sweep experiment for all carbon samples 
has been set to 2 mV/s. In the present study, the scan rate applied in linear sweep experiments 
for all carbon samples was set to 2 mV/s. Higher scan rates up to 50 mV/s were also tried, but 
the results indicated that at the higher scan rates there was no plateau characteristic of double 
layer capacitance effect observed.   
The values for double-layer capacitance per unit mass of all fabricated carbon composite-
PTFE sample electrodes obtained from the experimental voltammograms and using this 
calculation method are presented in Table 16. 
Table 16: Double-layer capacitance of all fabricated carbon sample electrodes 
Sample  
Peak 
current 
(mA)  
Scan 
rate 
( mV/s)  
Mass of 
carbon 
powder 
(grams)  
Total mass 
of 
electrode 
(grams)  
Capacitance 
considering total 
mass of the 
electrode (F/g)  
Capacitance 
considering mass of 
carbon powder 
(F/g)  
aC-N 99  
20±2 5  0.3  0.35  11.42±1  13.3±1  
Graphene platlets  30 ±2 5  0.65  0.73  8.2±0.8  9.2±0.9  
Flake graphite 10 ±2 5  0.33 0.4 5±0.5  6.06±0.6  
Graphite 50 ±2 5  0.7  0.78  12.98±1  14.28 ±1 
 
The double-layer capacitance of all selected carbon samples varies between 9.2 F/g to 14.28 
F/g. The highest value 14.28 F/g is obtained for the spherical graphite while the lowest one 
9.2 F/g was for the flake graphite sample.  
 
6.6 Electrochemical hydrogen storage in carbon-based electrodes 
 
6.6.1 Overview 
 
Carbon materials have been researched extensively as energy storage media for electrical 
devices like supercapacitors (Jurewicz and Vix Guterl et al. 2004). Electrochemical hydrogen 
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storage by electrolysis of water is one of the potential electrochemical applications of carbon 
materials. This process consists of storage of electrical charge through electro-reduction of 
water and formation of weak chemical bonds between hydrogen and carbon. Various types of 
carbon material such as activated carbons, carbon nanotubes (CNT), and lately graphene-
based materials have been explored by scientists for this application. Various forms of 
graphite have already been used for storing Li+ ions in Li-ion batteries. 
In this section, the experimental apparatus to measure the electrochemical hydrogen storage 
capacity of the four carbon materials selected is first described. The results obtained for the 
storage capacities of the samples with a liquid dilute sulphuric acid electrolyte using 
galvanostatic charging discharging are then reported 
 
6.6.1 Experimental set up to measure electrochemical hydrogen storage 
 
6.6.1.1 Preparation of dilute (1 M) sulphuric acid as the electrolyte 
 
Dilute sulphuric acid was chosen as the acid electrolyte for the present project since it is 
easily available and a good proton conductor. The first step in preparation of 1 M dilute 
sulphuric acid from the concentrated acid was to calculate the molarity of the concentrated 
acid. In the present project the molarity (number of moles contained in 1 litre of reagent) of 
the 98% concentrated sulphuric acid used was 18.4. The volume of concentrated sulphuric 
acid required to prepare 1 litre of dilute sulphuric acid of 1M molarity was calculated from 
equation 36: 
 
                       
1 𝑚𝑙
0.0184 𝑚𝑜𝑙𝑒𝑠
=  
𝑥 𝑚𝑙
1 𝑚𝑜𝑙𝑒
     (36)             
where 
x → is the required volume. 
Solving for ‘x’ in equation 36 gave the value of 54.3 ml. This volume of the acid was slowly 
added into 945.7 litres of distilled water to obtain 1 litre of 1 M dilute sulphuric acid solution 
in total. For safety reasons, it is essential for the concentrated acid to be added slowly into the 
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much larger volume of distilled water, since the reaction is exothermic. The container was 
stood in cold water and the mixture continuously stirred to dissipate the heat evolved from 
the exothermic reaction. This dilute acid was then used to fill the electrolytic cell to act as the 
electrolyte in the electrochemical experiments. 
In the present study no examination of the effect of varying this molarity was studied. But it 
may be worthwhile to conduct this investigation in the future to find the optimal molarity for 
this application. There will be an upper limit to the molarity employed to avoid chemical 
attack on the electrode materials themselves, and materials in the experimental apparatus. 
 
6.6.2 Designs for experimental set-up considered 
 
6.6.2.1 Overview 
 
Three different designs for the experimental set up for the galvanostatic charge-discharge 
measurements were evaluated: 
• A standard two-electrode electrochemical cell 
• A modified Hoffman voltammeter 
• A combination of a two-electrode electrochemical cell and Hoffman voltammeter for 
gas collection. 
These three set-ups are now described in turn and their advantages and disadvantages are 
discussed. 
 
6.6.2.2 A standard two-electrode electrochemical cell 
 
The two-electrode electrolytic cell considered in the present project was custom-made on 
request of the author by Xi’an Yima Opto-electrical Technology Co. Ltd. located in China 
(Figure 58). The specifications of the two-electrode electrolytic cell are listed in Table 17. 
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Figure 58: Two electrode-electrolytic cells used to measure the electrochemical hydrogen storage capacity 
 
Table 17: Specifications of the Xi’an Yima Opto-electrical Technology Co. Ltd C001 electrolytic cell  
Name Description 
Type 3-electrode sealed electrolytic cell 
Model C001 
Volume 250 ml 
Diameter 60 mm 
Height 90 mm 
Sealing PTFE cover 
Auxiliary/Counter electrode Platinum wire of 0.8 mm diameter and 50mm length 
Reference electrode Hg/HgO 
Working electrode Fabricated aC-PTFE electrodes 
Gas collection Glass tube housings on counter and working electrode 
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The working electrode holder supplied by the manufacturer is shown in Figure 59, and the 
other two electrodes made from stainless steel (counter and reference) in Figures 60 and 61.  
 
 
Figure 59: Expanded working electrode holder for C001 electrolytic cell 
 
 
Figure 60: Counter electrode (platinum wire) for C001 electrolytic cell 
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Figure 61: Reference electrode (Hg/HgO) for the C001 electrolytic cell 
 
The final configuration of the set up with gas collection cylinder connecting to the device is 
shown in Figure 62. 
 
 
Figure 62: Graduated cylinders connected to working and counter electrodes of the 3-electrode electrolytic cell 
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After connecting the set up to the electrochemical workstation and starting the charging it 
was noticed that this set-up is not accurate enough. The first problem observed was the gap 
between the fluid in the cylinder and the connection tubes (distilled water), and the fluid in 
the electrochemical cell, which is dilute acid. This gap is filled by air.  To avoid mixing the 
distilled water in the collection cylinder and the connection tubes with the acid in the 
electrochemical cell it was impossible to get rid of air trapped in the middle. So at the 
beginning of the experiment air is mixed with oxygen and the hydrogen gas generated, which 
is clearly not desirable.  
 
The other problem observed was how to balance the pressures, and the levels of acid, in the 
hydrogen and oxygen side tubes. At the beginning of the experiment, as expected, the rate of 
hydrogen gas production is much lower than that for oxygen gas, since the majority of the 
protons liberated enter the storage material and bond with the carbon particles after 
neutralisation by electrons. So the pressure build up on the oxygen side is greater than on the 
hydrogen side. Consequently, in the first hour of the experiment the level of acid in the 
oxygen-side tube was decreasing and in the hydrogen-side tube it was increasing. So 
progressively the acid in the oxygen side tube was pushed out by the gas and the experiment 
had to be stopped. 
 
To overcome with this problem, one solution was to separate the oxygen side and hydrogen 
side tube with a membrane, then the pressure in each side does not affect the other side. 
Hence in the next experimental set up a Hoffman voltammeter apparatus with some 
modification was used.  
 
6.6.2.3 Hofmann voltameter apparatus for electrochemical hydrogen storage 
 
The picture of the normal Hofmann apparatus cell is shown in Figure 63. As can be seen it 
contains two collection cylinders with a header in between to balance the level of liquid in 
each tube. Here the header balances the pressure in the columns and then the pressure built up 
in each tube does not affect the other one. 
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Figure 63: Hofmann voltameter apparatus 
 
For the present experiments, some modifications to the usual Hofmann apparatus were made 
as follows. 
 
In the first modification to the apparatus, the diameter (outer) of one of the electrode tubes 
was changed to 1 cm, so the carbon electrodes to be tested (dimensions 7 mm x 25 mm x 2 
mm) could fit into the tube lengthways with an electrical conductor attached and passing 
through the end plug of the tube to the outside to allow electrical connection to a power 
source. Figure 64 details the modification made. 
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Figure 64: schematic of the electrode in the cell, on right the schematic of the electrode connection to the 
platinum wire is shown 
 
As the carbon electrode had to be fitted inside the tube (diameter 1 cm), it was cut in half to a 
width of 7 mm, as shown in Figure 65. Also to hold the carbon sample at the end of the 
electrode inside the tubes a stainless steel clip as shown in Figure 66 was designed. 
 
 
 
Figure 65: Reduced width of the electrode after being cut in half so that it fitted in the tube of the Hofmann voltammeter 
 
 
 
 
 
 
 
 
 
 
The typical cell has the input 
electrode tube diameter at 3-4  
mm. 
3-4 mm 
This is the typical 
Hofmann apparatus 
schematic 
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In the second modification to the apparatus, in the oxygen electrode side an additional small 
tube passing through the end plug was designed to allow oxygen from an external gas bottle 
to be blown onto the platinum electrode in the form of bubbles.  
The resulting configuration is shown in Figure 67. 
 
1 cm 
Figure 66: Stainless steel clips designed to hold the electrode on the 
hydrogen side 
The carbon electrode will 
be placed in between the 
stainless steel clips to 
collect the charge 
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Figure 67: The modified oxygen-side electrode with a small hole for oxygen supply in discharge mode 
 
The modified Hofmann voltameter apparatus was then trialled for galvanostatic charging and 
discharging of a sample electrode. However, a very high voltage (up to 4.2 V) across the cell 
was needed to obtain even a relatively low charging current of 40 mA. Figure 68 compares 
the initial V-I curve obtained during charging for the earlier two-electrode electrochemical 
cell and that obtained with the same sample with the Hofmann cell. At a voltage such as 2 V, 
the obtained current in the Hofmann cell was much lower than the two-electrode 
electrochemical cell. As was observed, to achieve a certain current at 40 mA the required 
voltage in the Electrochemical cell is about 1.7 while in the Hofmann cell the voltage was 
measure as 4.2 V. 
 
 
 
The small hole  (2mm 
diameter) allocated to 
supply oxygen gas to 
the electrode in 
discharge mode 
Figure 68: initial V-I curve for graphite sample in electrochemical cell (on left) and Hofmann cell (on right) 
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An EIS test was therefore conducted on both cells to measure the total series resistance.  
 
The results from EIS test show the overall resistance in the both cell (Figure 69). Then by 
subtracting the resistance in the electrodes, what is left is the resistance between the two 
electrodes. Figure 69 shows that the resistance between the two electrodes in two-electrode 
electrochemical cell is about 1.1 ohm and in the Hofmann cell is 42.5 ohm. This big 
difference between two cells is due to the distance between the two electrodes in the 
Hofmann cell compare to the electrochemical cell.  
 
A high voltage during charging is not desired since in increases the relative proportions of 
hydrogen gas production versus storage of H within the carbon electrode. Moreover after two 
hours charging at 4.2 V some corrosion of the hydrogen-side electrode was observed (Figure 
70). Such corrosive electrochemical reactions are much more likely at higher charging 
voltages. 
Figure 69: EIS for 3electrodes electrochemical cell (on left) and Hofmann cell (on right) 
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Figure 70: Hydrogen-side electrode damaged due to higher voltage during charging 
 
A further problem in using the Hofmann cell is that its relatively high series resistance 
substantially inhibits the fuel cell mode reaction, since the cell voltage falls to below 0.5 V at 
even a very low discharge current.   
 
For these reasons, a third experimental set-up was designed, incorporating the favourable 
features from the first two set-ups.  
 
6.6.2.4 Combined two-electrode electrochemical cell and Hofmann apparatus for gas 
storage 
 
The final set up that was designed consisted of a two-electrode electrochemical cell similar to 
the first electrochemical cell, with Hofmann-type inverted burettes used for gas collection 
(Figure 70). The two-electrode electrochemical cell had a relatively small gap between the 
two electrodes and hence low series resistance, making it suitable for charging and 
discharging. The Hofmann burettes and header allowed gas collection while balancing the 
pressures and levels over the two electrodes this set up was thus found to permit charging 
without excessive voltages, as well as effective discharging in fuel cell mode, while 
providing enough accuracy in volumes of gas collected. 
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Figure 71: Combined electrochemical cell –Hofmann apparatus 
 
6.6.2.5 VI curves 
 
The first measurement to be done was to get a V-I curve for each sample before charging to 
choose an appropriate charging current. Figure 72 shows the V-I curve for the selected 
samples.  The charging current chosen was dependent on the voltage and the rate of the 
hydrogen gas production. As the voltage increases, the current increases as well, but at higher 
voltages there is a higher propensity to produce hydrogen gas, which is not desirable. So the 
current chosen was in the safe zone wherein there was a reasonably high charging current 
without formation of hydrogen gas as well.   
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Figure 72: The experimental V-I curve for all selected samples  
 
The point of gas formation is shown on Figure 72 for each sample. Hence if in charging mode 
the voltage reaches this value, the hydrogen produced will be in the form of gas rather than 
staying as hydronium and bonding electrochemically to the carbon in the electrode. So to 
avoid hydrogen gas production with all the samples, a charging current of 40 mA (0.04 A) 
was chosen.   
 
6.6.2.6 Galvanostatic charge and discharge 
 
A preliminary test of simple electrolysis was run on all the fabricated carbon electrodes with 
1 mol dilute sulphuric acid as electrolyte to mark the voltage and current values on a VI curve 
where H2 gas formation started, as explained in the previous subsection. To avoid the 
hydrogen gas generation the charging voltage and hence current and in galvanostatic charging 
were kept below the critical value of 40 mA. The carbon-PTFE sample electrodes were then 
charged (galvanostatic charging or electrolyser mode) at this constant charging current, until 
a sudden rise in hydrogen gas generation was observed, indicating that the storage had 
reached its maximum capacity. The total charging time recorded was 5 hours. The water was 
The point of 
hydrogen 
gas 
formation 
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split into hydrogen and oxygen ions on the counter electrode with the usual water electrolysis 
reaction: 
 
  H2O → 2 H+ + 0.5 O2  (37) 
         
The oxygen gas liberated by reaction at the counter electrode was collected in the graduated 
cylinder and the volume of gas was recorded. This amount was later used in the calculations 
to estimate the quantity of hydrogen produced electrochemically. The hydrogen gas formed at 
the working electrode was collected in another graduated cylinder and its volume was 
recorded. 
 
After galvanostatic charging of the cell, the system was allowed to rest for 1 hour before 
switching to galvanostatic discharging. Thereafter, the electrolytic cell was set for 
discharging (fuel cell mode) at constant discharge current. The time for discharging was 
recorded.  
 
The entire process of galvanostatic charging and discharging of the cell during both cycles 
was recorded in the form of potential versus time curves for all the electrodes. These curves 
are shown in Figures 73 and 74. 
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Figure 73: Galvanostatic charge-discharge curves for sample spherical conductive graphite in 1 mol sulphuric 
acid. Charge 40 mA during 5 hours, discharge: 2 mA, until open circuit potential. 
 
Figure 74: Galvanostatic charge-discharge curves for selected carbon in 1 mol sulphuric acid. Charge 40 mA 
during 5 hours, discharge: 2 mA, until open circuit potential 
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In the process of galvanostatic charging, hydrogen was stored electrochemically in the carbon 
electrode under the influence of the charging current (40 mA during 5 hours). The amount of 
hydrogen reversibly stored was assessed by subjecting the cell to the discharge current of 2 
mA until a near zero potential was reached. It is important to note that oxygen gas has also 
been collected from the beginning of the experiment. At the end of the charging experiment 
the amount of oxygen gas collected has been completely in agreement (with less that 1% 
error) with the theory from the Faraday’s law. 
 
In galvanostatic charging the total hydrogen stored was calculated as the difference between 
the total theoretical hydrogen production using Faraday’s law, and the amount of hydrogen 
gas collected.  The amount of hydrogen (M mols) produced at I amps for t seconds is given 
by: 
F
tI
M
.
          (38) 
where F is the Faraday constant (96485 C). Therefore the hydrogen produced  at 40 mA for 5 
hours electrolysis is equal to 0.0074 mol. 
 
Table 18 shows weight percentage of hydrogen stored during charging for the selected carbon 
samples, calculated from the experimental data by this method. 
 
Table 18: Weight percentage of hydrogen stored during charging for the selected carbon samples. The error 
ranges are estimated from instrumental measurement errors 
Name of carbon 
material 
Hydrogen mol 
produced (mol) 
Volume of 
hydrogen 
collected (cm3) 
Mass of 
hydrogen stored 
(g) 
 
Wt% hydrogen 
stored 
aC’N99 0.0074 85±1 0.000518 0.051±0.005 
Graphene 0.0074 82.8±1 0.00147 0.147±0.001 
Flake graphite 0.0074 90±1 0.000148 0.014±0.001 
Spherical 
graphite 
0.0074 71.76±1 0.002951 0.2951±0.003 
aC phenolic 
resin 
0.0074 46±1 0.00191 0.62±0.006 
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All the error ranges in this chapter have been measured by considering the fraction errors that 
may occur due to the limits in precision of instrumental measurements. 
 
During galvanostatic discharge, the total charge flow (in coulombs) was calculated using 
equation below. 
 
Qdischarge = I . t   (39)             
 
where, 
I → current (A) 
t → discharge time (s). 
 
The mass of hydrogen released from the electrode was calculated by using equation 40. 
 
M =  
I .t
1000 .F
    (40)                        
 
where 
M → mass of hydrogen generated in kg. 
I → discharge current in mA 
t → discharge time in sec. 
F → Faraday’s constant (96 485 C mol-1) 
 
Hence, the amount of hydrogen released from carbon was calculated by applying equation 
41:  
 
M % =  
M
M+ 𝑀𝐶
    (41)    
where 
M → mass of hydrogen in kg 
MC → mass of activated carbon in kg 
 
The hydrogen mass % released in the carbon electrodes as measured and estimated in the 
discharge part of the cycle are listed in Table 19.  
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Table 19: Equivalent mass of hydrogen released in carbon sample in discharge  
Name of the sample 
Galvanostatic 
discharge 
current [mA] 
Time of discharge 
(second) 
Equivalent mass of 
hydrogen released in 
carbon [mass %] 
aC’N99 2 60 0.00024±0.00001 
Graphene 2 3650 0.015±0.001 
Flake graphite 2  100 0.001±0.0001 
Spherical graphite 2 10000 0.0296±0.001 
 
Table 20 shows the comparison of equivalent mass of hydrogen stored and released for all 
selected carbon samples. 
Table 20: equivalent mass of hydrogen stored and released 
Name of the sample 
Wt% hydrogen 
stored 
Equivalent mass of 
hydrogen released 
from carbon [mass %] 
aC’N99 0.051±0.005 0.00024±0.00001 
Graphene 0.147±0.001 0.015±0.001 
Flake graphite 0.014±0.001 0.001±0.0001 
Spherical graphite 0.2951±0.003 0.0296±0.001 
aC KOH 1:7 with 30% 
PTFE 
0.6125±0.006 0.2026±0.002 
 
 
6.7  Comparing experimental and theoretical VI curves in E-mode 
 
6.7.1 Fitting theoretical to experimental VI curves 
 
A theoretical V-I curve was obtained for each carbon-based electrode in the electrochemical 
cell using the theoretical analysis presented in chapter 4 and the associated MATLAB model 
of chapter 5. To find the best-fitting theoretical V-I curve to the experimental curve for each 
sample, the experimental V-I curve was set as the target, and the input parameters in the 
model such as exchange current density, reversible reaction potential and charge transfer 
coefficient varied to minimise the differences between experimental and the modelled curve. 
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It is important to mention that even the best fit curves obtained has an error of around 2% as 
can be seen in Figure 76. 
Figure 75 shows how the modelled V-I curve was progressively fitted to the experimental 
curve for the aCS sample by changing the charge transfer coefficient and exchange current 
densities input to the model.  
 
 
Figure 75: The best fitting theoretical VI curve to the experimental curve for aCS 
 
In the present work, all the variable values on the oxygen side are fixed based on the concept 
of the oxygen gas evolution reaction (Doddathimmaiah, 2009). 
Figure 76 shows the fitted V-I curve from the theory and the experiments for all selected 
carbon-base materials. 
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Figure 76: Best-fitting theoretical and experimental V-I curves for activated carbon, graphene and graphite sample 
 
The fitted variable values obtained are shown in Table 21. 
 
Table 21: best fitting parameters value in the model for the experimental values 
Samples Parameter 
Hj0  
(A/cm2)
 
Oj0  
(A/cm2)
 
H  O  
0E
(V)
 
aCS 0.0072 3e-5 0.53 0.50 0.8 
Graphene 
platelets 
0.00065 3e-5 0.68 0.50 1.3 
Spherical 
graphite 
0.00082 3e-5 0.7 0.50 1.4 
aC KOH 
1:7 
0.054 3e-5 0.52 0.50 0.9 
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6.7.2 Discussion   
 
The H-side exchange current densities for all carbon samples varied between 0.00065 and 
0.054, which the smaller values are obtained for graphitic sample and the larger value for 
activated carbon (Table 19). The exchange current density indicates the rate of the charging 
reaction for a given overpotential for different samples, so a higher value shows that the 
reaction at a given rate takes place at a lower potential. The H-side charge transfer coefficient 
found for aCS was 0.53, which suggests that the reaction of hydrogen and carbon in charging 
and discharging mode is almost reversible (section 5.3). Consistent with this finding, the 
results of the electrochemical hydrogen storage using the electrochemical cell also showed 
that the equivalent hydrogen stored and released using aCS  were about 0.58 and 0.55 wt% 
respectively, that is, the charge - discharge reaction was relatively reversible (Amandeep 
Obereoi, 2015). The values for charge transfer coefficient obtained for the graphene platelet 
electrode was 0.6, and that for the graphite electrode was 0.7, indicating that the hydrogen 
charging reaction in these samples is to some degree more favoured than discharge mode. 
The results from the electrochemical hydrogen storage for the graphene platelet and graphite 
electrodes presented in chapter 6 also shows that their equivalent hydrogen storages were 0.3 
and 0.14 wt% respectively, while the corresponding amounts of hydrogen released on 
discharge were 0.029 and 0.014 wt% respectively. Once again these relative values are 
consistent with the findings of the best-fit values for the H-side charge transfer coefficients 
for these samples, which were both greater than 0.5.  
Another notable finding from the best-fit parameters pertains to the reversible reaction 
potentials. For the aCS sample and aC KOH 1:7, the reversible reaction potentials were found 
to be 0.8 V and 0.9 V respectively, but for the graphene platelet and graphite electrodes they 
were much higher at 1.3 V and 1.4 V respectively. The higher value of reversible reaction 
potential indicates that a proton in the form of hydronium needs a higher voltage as the 
driving force to get into the layers of graphene and graphite. This higher potential required is 
probably due to the structure of the graphene platelets and graphite. In another words, as the 
hydronium ions reach the edge plane of the graphene and graphite, a weak hydrogen-carbon 
bond (or attraction) is formed due to the charge attraction. These hydronium ions located on 
the edge planes block the movement of other hydronium ions into the gap between the 
graphitic layers in graphite and graphene platelets. Hence, while the other hydronium ions are 
trying to reach the centre of the electrode, the potential as the driving force increases, and 
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thus leads to formation of hydrogen gas. This higher potential is another possible explanation 
for the larger values obtained for charge transfer coefficient too. As the potential in charging 
mode increases to attract the hydronium in between the graphene layers in both the platelets 
and the graphite, there is a lower chance for the proton to be released in discharge mode, 
when the potential encouraging this release is much less than 1 V. Thus the equivalent 
hydrogen released in discharge mode is lower than the amount stored for graphene sample. 
The charging voltage is higher for a given current for the graphene platelet and graphite 
electrodes compared to the aCS and aC KOH 1:7 samples. Hence the possibility of forming 
hydrogen gas increases during charging, and this may lead to a lower hydrogen wt% stored in 
the electrode itself. In the experiment it was found that the wt% of H stored for the graphene 
platelet and graphite electrodes was only around third that stored in the activated carbon 
sample electrode.    
The calculated equivalent mass of hydrogen stored in carbon ranged from 0.014 wt% to 0.6 
% for the three forms of carbon used in these experiments. The fabricated carbon sample 
named activated carbon from phenolic resin KOH 1:7 with 30% PTFE binder showed the 
highest electrochemical hydrogen storage capacity at 0.6% during the galvanostatic charge 
among all the fabricated sample electrodes whereas the flake graphite showed the lowest 
capacity.  
A notable point observed during galvanostatic charging for the spherical graphite at a 
constant current of 40 mA was the relatively high voltage of just less than 3 V reached after 
just an hour of charging. A possible explanation of this increased voltage may simply be that 
storage sites close to surfaces of the electrode had become largely filled with hydrogen by 
this time. Then additional hydrogen can only be stored by movement of hydrogen atoms from 
these sites to unfilled sites on the same graphene plane further into the body of the material, 
thus freeing up more storage sites nearer the surface. This additional movement of H atoms 
into the body of the material may require a higher potential.  
 
A comparison between a reversible hydrogen fuel cell and a Li-ion battery is a point of 
interest here. As the literature shows, the charging voltage in Li-ion batteries starts from low 
potential and hence the battery is getting full it can increase to 3.6 V maximum. In the 
experiments reported in this thesis, it was observed that a relatively high potential was 
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required to encourage protons to penetrate between the layers of graphite. But this potential 
increase also increases the rate of hydrogen gas production. So an advantage in Li-ion battery 
electrochemistry is that lithium does not form a gas even at high voltages, while hydrogen gas 
can be more readily generated during a charging process. 
 
6.8  Conclusion  
 
The experimental components in this chapter involved measuring the hydrogen storage 
capacities of carbon-based electrodes with a liquid acidic electrolyte. Four different forms of 
carbon were used to make sample electrodes: a commercial activated charcoal (Norit); an 
activated carbon made by treating phenolic resin with KOH at high temperature; spherical 
graphite, as used in lithium ion batteries; and ‘graphene platelets’ comprising around 20 
stacked layers of graphene. Solid electrodes from these carbons were fabricated using a PTFE 
binder. Their bulk electron and proton conductivities, double layer capacitance, and 
reversible electrochemical hydrogen storage capacity when soaked in a dilute sulphuric acid 
electrolyte (as ‘internal’ proton conductor) were then measured. The electron conductivity of 
the samples was found to be in the range 4 to 12 S/cm, which compares to 16 S/cm for pure 
graphite. Their proton conductivities, due to the acid filling the pores, was found in the range 
0.001 – 0.016 S/cm, compared, for example, to that of 1 M dilute sulphuric acid and fully 
hydrated nafion of ~0.1 S/cm . The double layer capacitance of the carbon electrodes was 
found to be in the range of 6 – 15 F/g, which compares to 200 F/g for supercapacitor 
materials. The total reversible electrochemical hydrogen storage capacities of the carbon 
electrodes immersed in 1 M  dilute sulphuric acid were in the range of 0.01– 0.6 mass%.  
 
The theoretical V-I curves in charging mode was then compared to the experimental one for 
each sample and the variable values on the hydrogen side electrode was obtained by fixing all 
the variable values on the oxygen side. These variable values on hydrogen side can help us to 
understand better the process of hydrogen movement and storage into the storage material. 
For example, an exchange current density for the sample ac KOH 1:7 was obtained at around 
0.054 A/cm2 which indicates the reaction of carbon and hydrogen takes place for this sample 
in a lower potential. The charge transfer coefficient varies from 0.53 to 0.7 which shows the 
hydrogen storage within activated carbon sample aCS is reversible. However, for graphite 
and graphene this value is greater than 0.5 which leads to irreversibility. 
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The experiments on the spherical conductive graphite and graphene platelets electrode 
showed promising results in terms of understanding the process of hydrogen storage related 
to the structure of these graphitic materials. It appears that, as the proton (as hydronium) 
moves towards these materials, a carbon-hydrogen bond is formed on the first layer of the 
edge plane close to the boundary and then block the pathway of the other protons. This 
process pushes the next proton into the next available site for hydrogen storage, the charging 
potential as the driving force increases which lead to hydrogen gas formation.  
 
The spherical graphite is used commercially as the negative electrode in Li-ion batteries. In 
such batteries an organic electrolyte is employed and there are no chemical routes for 
hydrogen gas formation even at high voltages. So different methods of making electrode 
considering different configuration and deposition graphite which could help the proton to 
enter and exit of the storage material should be considered.       
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7 EXPERIMENTAL INVESTIGATION OF A PROTON 
BATTERY WITH SELECTED BEST-PERFORMING 
CARBON-BASED ELECTRODES  
 
7.1  Overview 
 
In this chapter the best-performing electrode in the electrochemical cell and that reported in 
chapter 6 of this thesis (section 6.7) is used in a proton battery (PB) device to evaluate its 
charging-discharging process and the equivalent reversible hydrogen storage capacity. The 
PB device used in this project is the same as described in previous work at RMIT (Andrews 
and Seif Mohammadi, 2014). The latter used metal hydride as the hydrogen storage electrode 
while in the present work activated carbon soaked in dilute sulphuric acid is employed. 
 
7.2  Design and construction of the experimental proton battery 
 
7.2.1 Introduction  
 
The proton battery is a reversible PEM fuel cell (URFC) with an integrated solid-state 
hydrogen storage electrode (as described in Chapter 3, section 3.2).  
In the present work a porous carbon-based material is used instead of a metal hydride as used 
in the previous work (Andrews and Seif Mohammadi, 2014) for the hydrogen storage. 
(Figure 77 shows the schematic of the proton battery with carbon-base electrode used 
hereThe oxygen side of the proton battery is similar to a PEM fuel cell including titanium felt 
instead of GDL and iridium oxide catalyst. on the hydrogen side nafion membrane is used as 
the proton conductive media and the other side of nafion carbon-base electrode is located as 
the hydrogen storage material.  
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Figure 77: Schematic diagram of the experimental proton battery (Oberoi, 2015) 
   
The proton battery device was used in E-mode to split water into proton and oxygen gas. 
Oxygen gas is collected in the measurement gas collection cylinder and protons are 
transported to the carbon-base material which is negatively charged. Then in the FC mode the 
stored hydrogen is released and travel to the oxygen side electrode and reform water.  
 
7.2.2 End plates  
 
This device contains two end plate made from stainless steel (SS316), in order to properties 
such as high electrical conductivity, high thermal conductivity, and high resistance to 
chemical corrosion (Yuan et al. 2005).  
The length and width of both oxygen and hydrogen side end plates are 72 mm and 84 mm 
respectively but the thickness is different. The oxygen side end plate has a thickness of 7 mm 
while on the hydrogen side it is 9 mm to accommodate the carbon storage electrode with 
thickness around 2 mm. Figure 78 shows the actual oxygen and hydrogen end plate used for 
PB in this work. 
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Figure 78: Actual oxygen side (left) and hydrogen (right) end plate of the proton battery 
 
In Figure 78 the gas flow channel configuration is shown. In the hydrogen side end plate, the 
ribs of the gas flow channels are recessed 2 mm below the main inner surface of the end plate 
to accommodate the carbon hydrogen-storage electrode.  
 
7.2.3 Silicone gasket for sealing 
 
Silicone rubber is the most commonly material used for sealing in fuel cell industry because 
of low cost of material, flexibility and easy to cut in different shapes. A silicone gasket of 1 ± 
0.02 mm thickness was used covering the active area of the PB, that is, 25 mm x 25 mm. 
Prior to the experiment, the whole PB was placed inside a tank of distilled water with all 
inlets and outlets blocked, and completely immersed to test the gas tightness of the internal 
volumes. Air was blown in around 1 barg from one channel while all the other channels were 
blocked on both oxygen and hydrogen sides. 
 
7.2.4 Porous sintered titanium felt as GDB 
 
To provide an electrically-conductive pathway between the catalyst layer of the membrane 
electrode assembly and the oxygen-side end plate, and supply of oxygen from the flow 
channels through to the catalyst particles, a gas diffusion layer (GDL) should be used in a PB, 
as in a standard reversible or conventional PEM fuel cell. In a PEM fuel cell, this GDL is 
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usually made of a porous material such as a bunch of carbon fibres (Jong-Won Lee et al. 
2012). 
In earlier work on URFCs (Jong-Won Lee et al. 2012), and in the previous work at RMIT, 
while it was observed that carbon-based GDL on the O-side is attacked by oxygen in 
electrolyser mode. Hence as in other experimental URFCs (H.Tang et al, 2011, Amandeep 
Oberoi, 2015), in the present work we used a porous sintered titanium felt as the O-side GDL 
instead of carbon fabric. The sintered titanium felt used, made by the Belgian company 
Baekert, is shown in Figure 79. The catalyst loading on the oxygen side is a mixture of 2 mg 
per cm2 of iridium oxide and 2 mg 2 mg per cm2 of platinum black.  
 
Figure 79: Porous sintered titanium felt used as the GDL 
  
On the hydrogen electrode side, the porous carbon H-storage electrode replaced a  GDL. The 
carbon-based electrode is located in the cavity in the hydrogen-side end plate, while dilute 
sulphuric acid is employed as the proton conduction medium. Dilute sulphuric acid can easily 
penetrate within the porous activated carbon particles and is used as the proton conductive 
media to transport protons within the carbon-base material. The carbon-based electrode is 
then pressed directly against the nafion 117 membrane, which in E-mode conducts the 
protons (as hydronium) generated by the splitting of water molecules on the O-side electrode. 
It should be noted that, since the nafion is flexible enough for sealing, there is no silicone 
rubber used on the hydrogen side.  
 
7.2.5 Activated carbon electrode 
 
On the hydrogen-side electrode the best-performing electrode in the electrochemical cell and 
that reported in chapter 6 of this thesis (section 6.7) was selected. As the results in his work 
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showed, this activated carbon from phenolic resin activated KOH 1:7 has mesoporous and 
microporous porosity, which is suitable for storing hydrogen. 
The electrode made procedure from this sample for PB is similar to the one used for the 
electrochemical cell in chapter 6 (section 6.3). The detail of fabrication is given in subsection 
6.3.2. 
The physical properties of the electrode made for the PB are shown in Table 22. 
Table 22: physical properties of the electrode used in PB 
sample Width of the 
sample (cm) 
Length of the 
sample (cm) 
Thickness of 
the sample 
(cm) 
Area  
(cm2) 
aC KOH 1:7 2.2 2.5 0.2 5.5 
 
 
7.3 Experimental set up 
 
The proton battery experiments were all conducted under a fume hood inside a cabinet in the 
Sustainable Hydrogen Energy Laboratory (SHEL) on RMIT University’s Bundoora East 
campus. The cabinet is designed for hydrogen-based experiments and equipped with an 
exhaust fan and safety sensors. Figure 80 shows the experimental set up in the SHEL used for 
the PB experiments. 
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Figure 80: PB experiment set up in SHEL 
 
Two graduated measuring cylinders as shown in Figure 80 were used in electrolyser mode to 
collect the oxygen and hydrogen gases produced. The PB was connected to a VERSASTAT 3 
electrochemical workstation machine in charging mode to apply the power and in discharge 
mode to apply the load.  
 
7.4  Experimental procedure during charging and discharging 
 
The electric circuit in charging mode is shown in Figure 81. In this mode a DC voltage was 
supplied to the cell to produce the charging current. Distilled water was supplied to the 
oxygen side electrode and water is split into oxygen and protons (H+) on the catalyst.  
Oxygen was collected from the other exit tube and protons pass through the nafion membrane 
to reach the carbon electrode where they are neutralised by electrons and stored by some 
form of C-H bonding.  
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Figure 81: Electric circuit in E-mode operation of the PB 
 
In discharge mode, the hydrogen collection cylinder was disconnected to make sure all the 
hydrogen used in the fuel cell was supplied from the carbon electrode. The oxygen-side 
electrode was also purged to remove the water supplied from the electrode. Oxygen gas was 
then blown from the oxygen storage cylinder as a stream of bubbles onto the electrode as the 
cell was run in discharge mode. The electric circuit in discharge mode is shown in Figure 82.  
 
Figure 82: Electric circuit in FC mode of the PB 
 
7.5  Experimental results and discussion 
 
7.5.1 Charging mode 
 
7.5.1.1 Results 
 
The cell was charged in E-mode and then discharged in FC-mode using the two different 
electrodes. The first electrode was made from Phenolic resin KOH activation 1:7 mixed with 
30 percent PTFE as binder. The second electrode was made from the same material but 
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mixed with 10 percent PTFE as binder. In both cases the cell was charged at a constant 
current of 80 mA while the voltage was gradually increased to keep the charging current 
constant. In E-mode water was split continuously into hydrogen and oxygen on the oxygen-
side electrode. Some of the hydrogen generated entered the carbon storage electrode on the 
hydrogen side after passing through the nafion membrane in the form of hydronium.  Oxygen 
was collected as a gas in the graduated cylinder from the oxygen-side electrode.  
The V-I curve in E-mode for the PB with the integrated carbon-based electrode was first 
measured from zero to 2 V (Figure 83).  
 
 
Figure 83: V-I curve for E-mode operation of the PB 
 
The PB was then charged at a constant current of 80 mA for a period of 6744 seconds (112 
mins). Figures 84 and 85 show the voltage – time curves for the PB in E mode using 
electrodes with 30 wt% and 10 wt% PTFE binder respectively in the first charge. As can be 
seen in both figures, the voltage was increased to keep the current constant until the voltage 
peaked at around 1.85 V. This was the first point hydrogen gas production observed. The rest 
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of the charging graph shows fluctuation around a certain voltage. 1.84 V for the sample with 
30% PTFE and 1.83 for the sample with 10% PTFE. 
From about 1800 seconds time in Figure 84, and  2000 seconds in Figure 85,  the rate of H2 
production was much less than twice that of O2.  The rate of hydrogen gas production rose 
slowly and steadily from these times, until by around 6700 seconds time, the rates of H2 
production rose to almost double that of oxygen, indicating that all the hydrogen produced 
from water splitting was being released as gas and virtually none was storing. 
In both graphs after around 1 hour of charging, the voltage started fluctuating around a 
certain voltage by +/- 0.02 V. The ups were observed when the hydrogen gas bubbles were 
produced and covered the carbon electrode, and the downs were observed as the bubbles of 
hydrogen gas left the electrode surface and rose to be collected in the gas collection cylinder. 
 
 
Figure 84: V-t graph fpr charging PB at 80 mA constant current for the aC KOH 1:7 and 30% PTFE 
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Figure 85: V-t graph of charging PB at 80 mA constant current for the aC KOH 1:7 and 10% PTFE 
 
To avoid this fluctuation a very small pump would be required to circulate the flow in the 
hydrogen side electrode and prevent covering the surface of carbon electrode with hydrogen 
gas. 
To calculate the amount of oxygen gas production and hydrogen storage in carbon-base 
electrode Faraday’s law was applied: 
Hydrogen gas production volume:         𝑉𝐻 =  
𝐼 ×𝑡
2𝐹 ×1000
 x 
R .T
P
                       (42) 
Oxygen gas production volume:         𝑉𝑂 =  
𝐼 ×𝑡
4𝐹 ×1000
 x 
R .T
P
              (43) 
where:  
V→ volume in L 
I → current in amperes. 
t → time in seconds. 
F → faraday’s constant = 96 485 J per volt gram equivalent. 
R → gas constant = 8.314 J/mol.K 
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T → ambient temperature in Kelvin 
P → atmospheric pressure in kPa. 
 
Both oxygen and hydrogen gas generation during the charging period of the PBwas collected 
and measured. The total mass of hydrogen production was calculated from the Faraday’s law. 
The mass of hydrogen gas generated was subtracted from this total mass of hydrogen 
generation to estimate the amount of hydrogen entering the storage medium. The mass of 
hydrogen that entered the storage was then divided by the mass of carbon powder in the 
electrode to get the stored wt % of hydrogen in the carbon-based electrode. 
Table 23 summarises the results in E-mode for the selected electrodes.  
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Table 23: Performance of the PB with an integrated carbon-based electrode (activated carbon 1:7 KOH) in E-mode  
 
Sampl
e 
Cycl
e 
Curren
t 
(mA) 
Time 
(s) 
Volume 
of 
collected 
hydroge
n 
(cm3) 
Volume 
of 
collecte
d 
oxygen 
(cm3) 
Total 
mass of 
entered 
hydroge
n 
(g) 
Mass of 
carbon 
electrod
e 
(g) 
Wt% stored 
hydrogen 
aC 
KOH 
1:7 
with 
30% 
PTFE 
1 80 6744 46 34 0.00191 0.35 0.545±0.00
5 
2 80 8464 65 41 0.00176 0.35 0.502±0.00
5 
aC 
KOH 
1:7 
with 
10% 
PTFE 
1 80 1788
1 
142 96 0.00326 0.33 0.988±0.01 
2 80 1604
1 
125 85 0.00319 0.33 0.967±0.01 
 
The results in terms of hydrogen storage for the two electrodes made from phenolic resin 
KOH 1:7 with the two portions of PTFE as binders were tested in the PB device in E-mode 
are shown in Table 23. Two charge-discharge cycles were run and the experiments were 
conducted in for each sample. It is interesting to note that in both electrodes slightly more 
hydrogen was stored in the first cycle than in the second cycle. 
 
7.5.1.2 Discussion 
 
In the first cycle the wt% of hydrogen stored in the electrode made with 30% PTFE was 
0.545, and in the electrode with 10% PTFE it was muc higher at 0.988. A possible 
explanation of this difference is that the more PTFE is used, the less active area inside the 
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carbon electrode for hydrogen storage is present. Hence the amount of hydrogen stored 
decreases.  
The volume of the oxygen gas produced calculated from the total charge flow using 
Faraday’s law was fully in agreement with the volume of oxygen gas collected in the 
measurement cylinder. This equality confirms the nature of the reaction in E-mode: water 
split into oxygen and hydrogen). Hence the anomaly in oxygen gas collected in the previous 
work at RMIT on a PB with an integrated carbon-based electrode (see section 3.3.5.3) was 
avoided.  
 
7.5.2  Discharge mode 
 
7.5.2.1 Results 
 
After charging the cell in E-mode the cell was allowed to rest for 30 minutes before being 
tested in discharge mode. It is very important and critical to choose an appropriate discharge 
current. Such a discharge current is one that the cell can hold the potential constant for some 
time almost in a range, however, as time passed the cell potential drops. A too high current 
would lead the cell to discharge very fast, and at a very small discharge current it may take 
days to fully discharge the carbon electrode. In the present work, all samples were first 
discharged at 10 mA until the voltage reached to zero. Then the cell was left to relax for one 
hour until the cell potential rose again to 200 mV. Next the cell was discharged at 5 mA.  
After letting the cell rest for about 30 minutes, the same procedure was repeated in turn at 2 
mA and 1 mA discharge currents, until the cell was fully discharged and no more current 
could be extracted from it.  
Figures 86 and 87 show the performance of the PB in FC mode for the two electrodes in the 
first cycle. The successive steps in the discharge procedure at progressively lower currents 
can be seen in the multiple V-t curves plotted for each electrode. After the discharge run, the 
cell potential partially recovered so that the cell could be run in discharge mode again but 
with a lower current.  
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Figure 86: discharging PB at 10 then 5 and then 2 mA for the aC KOH 1:7 and 30% PTFE 
 
Figure 87: discharging PB at 10 then 2 mA for the aC KOH 1:7 and 10% PTFE 
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Table 24 shows the wt% hydrogen released from the carbon electrode in discharge (that is, 
fuel cell) mode for the two electrodes over the two discharge cycles.  
 
Table 24: Wt% hydrogen released from the carbon electrode in the PB in discharge (that is, fuel cell) mode for the two 
electrodes tested 
sample cycle Discharge 
current 
(mA) 
Discharge 
time (s) 
Wt% 
released in 
FC mode 
(total) 
aC KOH 
1:7 with 
30% PTFE 
1 10 
5 
2 
14510 
4100 
804 
0.524±0.005 
2 10 
5 
2 
13203 
2850 
4326 
0.486±0.004 
aC KOH 
1:7 with 
10% PTFE 
1 10 
2 
19950 
26100 
0.789±0.008 
2 10 
5 
2 
22760 
5840 
4600 
0.835±0.008 
 
The aC electrode made with 10% PTFE had the higher value of discharge wt% in both cycles 
than the sample with 30% PTFE.  
Table 25 summarises the results of charge and discharge in terms of wt% hydrogen 
stored/released for PBs employing in turn the two electrodes (aC with 10% PTFE and aC 
with 30% PTFE). 
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Table 25: Summary of the Wt% H charged and discharged by the two electrodes in a PB 
sample cycle Total hydrogen wt% 
stored 
Total hydrogen wt% 
released 
aC KOH 1:7 with 30 wt% 
PTFE 
1 0.545±0.005 0.524±0.005 
2 0.502±0.005 0.486±0.004 
aC KOH 1:7 with 10 wt% 
PTFE 
1 0.988±0.01 0.789±0.008 
2 0.967±0.01 0.835±0.08 
 
7.5.2.2 Discussion 
 
The highest amount of hydrogen discharged (0.835 wt%)was observed in the second cycle for 
the sample with 10% PTFE of. This value is slightly more than the amount of hydrogen 
released in the first cycle for this sample (0.789 wt%). A possible explanation for this 
increase from the first cycle to the second cycle may be related to the activation of the 
electrode storage sites with repeated cycling.   
For the electrode made with 30% PTFE the discharge wt% in both cycles were very close to 
the wt% stored in charging mode. A comparison between Tables 23 and 24 shows that in the 
first cycle for the electrode with 30% PTFE 0.54 wt% hydrogen was stored and 0.52 wt% 
was released in FC mode, while in the second cycle 0.502 wt% hydrogen stored while 0.48 
wt% hydrogen was release. The closeness of the amounts of hydrogen stored and released for 
the sample made with 30% PTFE suggests that with this electrode the PB performed almost 
reversibly.  
In the first cycle of charging for the sample with 10% PTFE the amount of hydrogen storage 
was measured at 0.988 wt%, while the amount of hydrogen released in the same cycle in 
discharge test was just 0.789 wt%. These amounts were significantly higher than those for the 
electrode made with 30% PTFE, But with the 10% PTFE electrode there was slightly more 
irreversibility compared with the 30% PTFE electrode. It would appear that some of the 
hydrogen stored in the 10% PTFE electrode in charging mode is still staying in the electrode 
after discharging. Again, in the second cycle the discharge amount for the 10% PTFE 
electrode was larger than in the first. It seems that some of the active sites for hydrogen 
storage in the electrode had been activated during the first charge-discharge cycle: 0.835 
compared to 0.789 wt%. 
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7.5.3 Shorter charge discharge cycle 
 
7.5.3.1 Results 
 
Figures 88 and 89 show the voltage – time curves for the PB in E mode and FC mode 
respectively using electrodes with 10 wt% PTFE binder respectively in the shorter charge 
discharge cycle. 
 
Figure 88: V-t graph of charging PB at 80 mA constant current for the aC KOH 1:7 and 10% PTFE 
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Figure 89: discharging PB at 20 then 10 mA for the aC KOH 1:7 and 10% PTFE 
 
Table 26 shows the results for a much shorter charge time the sample made with 10% PTFE. 
This sample with 10% PTFE was charged up to 0.501 wt% hydrogen storage and then 
discharged with a total release of up to 0.486 wt%.  
 
Table 26: Performance of the PB in short term charge and discharge 
sample Charging 
current 
(mA) 
Charging 
time (s) 
Discharge 
current 
(mA) 
Discharge 
time (s) 
Wt% 
hydrogen 
stored 
Total Wt% 
hydrogen 
released 
aC 
KOH 
1:7 with 
10% 
PTFE 
80 2570 20 
10 
7212 
1072 
0.501±0.005 0.486±0.005 
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7.5.3.2 Discussion 
 
When this PB cell was run for a long time, it can store more hydrogen up to around 1 wt% 
but can only discharge up to around 0.8 wt%. A possible explanation for this difference is 
that as more hydrogen is stored in the carbon-based electrode, some hydrogen penetrates into 
the very centre layers of the electrode.  Then in discharge mode, the discharge potential is not 
strong enough to break the C-H bonds and attract H out of electrode and into the membrane 
for transfer to the oxygen side electrode.  
 
7.6  Conclusion 
 
In this chapter the results for charging and discharging of a proton battery with an integrated 
carbon-base electrode have been reported. The sample activated carbon 1:7 KOH was used to 
fabricate the solid hydrogen-storage electrode with PTFE binder. Dilute sulphuric acid of 1 
mol concentration was used to act as the proton/hydronium conductor from the membrane 
into the electrode while operating the PB in E-mode, and as the proton conductor when the 
reverse process took place in FC mode. 
The initial results for the non-optimised PB and carbon-based electrode made from phenolic 
resin showed the maximum amount of hydrogen storage was 0.989 wt %, while in discharge 
mode 0.834 wt% of it could be released. These are promising initial results and are 
comparable with the 1 wt% storage of many commercial metal hydride alloys.  
The electrode made from aC from phenolic resin with 10% PTFE binder was found to store 
more hydrogen than the electrode with 30% PTFE binder. The likely explanation is the more 
PTFE is used, the less active area inside the carbon electrode for hydrogen storage is present.  
Another significant finding was comparing long and short term charge and discharge for the 
sample with 10% PTFE. The results show that in short term charge almost all the hydrogen 
stored in carbon-base electrode can be released from the electrode in discharge mode (0.502 
wt% in and 0.498 out). However, in long term charge some of the hydrogen getting into the 
central layers of the electrode may remain there under standard discharge conditions.  
Most importantly, these experiments have shown for the first time that a PB with an 
integrated porous carbon-based electrode is technically feasible. With the particular electrode 
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material used here – aC made from phenolic resin with 1:7 KOH activation, and 10 wt% 
PTFE binder – a promising near 1 wt% H was able to be stored and releaed again from the 
electrode. Future work on the proton battery will need to focus on increasing this wt% and 
improving the reaction kinetics, as well investigating how temperature control may assist the 
overall performance   
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8 CONCLUSIONS AND RECOMMENDATIONS 
 
8.1 Overview 
 
This chapter presents the answers to the research questions set for this thesis based on the 
theoretical approach developed and the experimental data obtained (section 8.2). Additional 
conclusions from the research are then presented (section 8.3), followed by recommendations 
for future research and development in this area (section 8.4). 
 
8.2 Responses to the research questions 
 
8.2.1 To what extent can the theoretical model developed represent the hydrogen 
storage process in the selected carbon-based materials? 
 
In the literature survey, it was clearly found that this area of knowledge is suffering from the 
lack of a theoretical model and explanation which can describe the process of hydrogen 
movement and storage into the storage material. So a comprehensive study was conducted to 
develop a better understanding of the process of hydrogen storage into the carbon-based 
material. 
In the theoretical model, a Butler-Volmer type equation which relates the rate of hydrogen 
adsorption to the potential difference between the carbon surface and the electrolyte was 
used. This equation was then modified in the hydrogen side electrode where the carbon 
hydrogen reaction is taking place and with applying the boundary condition for the 
electrochemical cell set up, a second order type differential equation was developed. This 
model for the hydrogen storage electrode was then incorporated into a more general computer 
model based on MATLAB software of the entire electrochemical cell including the oxygen 
electrode. 
A parametric study on the influence of key input parameters was then conducted and finally a 
theoretical VI curve for each sample was introduced.  
It is interesting to point out that by fitting the theoretical V-I curve obtained from the theory 
into the experimental V-I curve for each electrode sample, at a constant current, a unique 
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variable values on the hydrogen side electrode was obtained. These variable values on 
hydrogen side can help us to understand better the process of hydrogen movement and 
storage into the storage material. It was clearly shown that the barrier potential shows the cut 
off on the V-I curve and the exchange current density introduces the rate of the storage 
reaction, while the charge transfer coefficient indicates how reversible the process of the 
storage can be. 
 
8.2.2 What are the key structural and electrochemical characteristics and properties 
of composite carbon hydrogen storage materials that are dual proton and 
electron conductors and suitable for use in a proton battery? 
 
The first experimental component of the thesis involved measuring the hydrogen storage 
capacities of carbon-based electrodes with a liquid acidic electrolyte. Four different forms of 
carbon were used to make sample electrodes: a commercial activated charcoal (Norit); an 
activated carbon made by treating phenolic resin with KOH at high temperature; spherical 
graphite, as used in lithium ion batteries; and ‘graphene platelets’ comprising around 20 
stacked layers of graphene. Solid electrodes from these carbons were fabricated using a PTFE 
binder. Their bulk electron and proton conductivities, double layer capacitance, and 
reversible electrochemical hydrogen storage capacity when soaked in a dilute sulphuric acid 
electrolyte (as ‘internal’ proton conductor) were then measured. The electron conductivity of 
the samples was found to be in the range 4 to 12 S/cm, which compares to 16 S/cm for pure 
graphite. Their proton conductivities, due to the acid filling the pores, was found in the range 
0.001 – 0.016 S/cm, compared, for example, to that of 1 M dilute sulphuric acid and fully 
hydrated nafion of ~0.1 S/cm. The double layer capacitance of the carbon electrodes was 
found to be in the range of 6–15 F/g, which compares to 200 F/g for supercapacitor materials. 
The total reversible electrochemical hydrogen storage capacities of the carbon electrodes 
immersed in 1 M  dilute sulphuric acid were in the range of 0.01– 0.6 mass%.  
It is interesting to point out that in terms of the structure of the storage material, porous 
activated carbon compare to the graphitic carbon-base materials showed better performance 
in storing hydrogen. Specifically porous activated carbon made from phenolic resin activated 
by KOH 1:7 with high BET surface area at around 3800 m2/g revealed highest amount of 
hydrogen storage by 0.6 wt% compared to spherical graphite at 0.2 wt%. 
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A possible explanation for storing more hydrogen in porous activated carbon than the 
graphite is as the liquid electrolyte (1 Mol sulphuric acid) can penetrate into the meso and 
microporos channels of the activated carbon, the protons are transported to the active storage 
site and hence the storage wt% is higher than the graphite samples which the proton could not 
penetrate between the gaps of the graphite layers.  
      
8.2.3 To what extent the best performing material can be used in the proton battery 
device? 
  
The second experimental component of the thesis involved measuring the reversible 
hydrogen storage performance of the best performing carbon material identified from the 
earlier experiments in a proton battery. The aC KOH 1:7 sample was selected since it yielded 
the highest wt% hydrogen stored based upon the electrochemical hydrogen storage capacity 
experiment. This activated carbon had substantial micropore and mesopore volumes, a 
combination suitable for storing hydrogen.  
It was therefore shown successfully that hydrogen can be stored electrochemically in the 
activated carbon electrode soaked in dilute sulphuric acid in a proton battery. Two samples 
from phenolic resin with 10 wt% and 30 wt% PTFE as binder were tested and the results 
showed that the more PTFE used, the less the hydrogen storage wt% obtained. The results for 
the non-optimised proton battery and carbon-based electrode showed the maximum amount 
of hydrogen storage was very nearly 1 wt%, while in discharge mode 0.83 wt% was released.  
Overall this experiment has shown for the first time that a proton battery with an integrated 
solid carbon-based hydrogen storage electrode is technically feasible.  
 
8.3 Conclusions  
 
This thesis has contributed to a better understanding of the process of hydrogen movement 
and storage in carbon-based material by developing a theoretical analysis and introducing the 
effect of input variables into the shape of the theoretical V-I curve obtained for different 
structural carbon-based electrodes. 
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 A one-dimensional theoretical analysis normal to the active surface of the electrodes in a 
reversible electrochemical cell has been developed. A Butler-Volmer type equation related 
the rate of adsorption of hydrogen to the potential difference between the activated carbon 
surface and the electrolyte in the porous hydrogen storage electrode. A second-order 
differential equation has been derived that relates the potential between the proton conducting 
medium and the hydrogen-storage medium.  
A MATLAB program has been developed to solve the equation numerically. It was shown 
that changing the charge transfer coefficient on both sides changed the slope of both 
overpotential and V-I curves, while changing the exchange current density shifted these V-I 
curves up and down. Increasing the exchange current density decreased the overpotential in 
charging mode to obtain a given current. The reversible potential affected the cut-in value of 
voltage at which current starts to increase on the V-I curve.  
The VI curves generated using the theoretical model and Matlab solution in electrolyser 
mode for a reversible electrochemical cell were found to be able to fit the corresponding 
experimental curves accurately.  
In addition to the answers of the research questions, further key conclusions of this research 
are the following: 
 
1. It has been shown that a working proton battery with an integrated carbon-based 
electrode is technically feasible. With the particular electrode material used here – aC 
made from phenolic resin with 1:7 KOH activation, and 10 wt% PTFE binder – a 
promising near 1 wt% H was able to be stored and released again from the electrode. 
 
2. This hydrogen storage capacity is comparable with commercially-available MH 
hydrogen storage alloys.  
 
3. In the galvanostatic charge and discharge experiments, it was found that the combined  
electrochemical cell –Hoffmann apparatus (Chapter 6, section 6.6.2.4) was the most 
suitable and sufficiently accurate in measuring the volumes of oxygen and hydrogen 
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gas evolved on the two electrodes, and hence the wt% of hydrogen storage in charge 
mode, and the wt% of the hydrogen discharged. 
 
 
4. It has been shown that the spherical graphite material used in Li-ion batteries may not 
be useful in a proton battery. The most likely explanation is that, in charging mode as 
hydronium approaches the edge planes of the graphite, a relatively high negative 
potential is required to attract the ion in between the graphene layers.  But this higher 
voltage also has the adverse effect of increasing production of hydrogen gas, which is 
not desired in a proton battery system. Interestingly, a similar voltage increase in Li-
ion batteries in charging mode does not have the same adverse impact since lithium 
does not form a gas under these conditions.  
 
5. A comparison between the small selection of carbon-based materials investigated for 
hydrogen storage in the present thesis showed a form of porous activated carbon was 
the best option for a proton battery. But the sample used in this study was small, and 
much further examination of a wide range of carbon materials in this application is 
still required.  
 
6. One test of a long (280 mins) charge and discharge cycle, and a short (45 mins) 
charge-discharge cycle in a proton battery, showed that the shorter cycle had a much 
higher reversibility than the longer-term cycle. A possible explanation is that in the 
longer cycle some of the hydrogen that enters the electrode may penetrate further into 
the interior of the carbon particles, and hence required a higher reverse potential to get 
it out again, However, a lot of additional work is required to establish the degree of 
reversibility of the proton battery charge-discharge process under a wide range of 
different conditions. 
 
8.4 Recommendations  
 
The following recommendations are made based on this thesis: 
• Further detailed study should be conducted to evaluate and investigate the 
performance in a proton battery of other forms of carbon-based materials such as 
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carbon hydrogels and carbon nanotubes, which can be designed and fabricated with 
the desired properties to improve and optimise the performance of this promising new 
battery technology. 
 
• It is suggested that the theoretical analysis and associated MATLAB model is 
investigated also for its validity and accuracy in representing the discharge mode of 
hydrogen from a carbon-based electrode, to complement what was done in charging 
mode in this thesis. A VI curve in the discharge mode would be needed and the input 
parameters from the best-fit curve matching theory to experiment should be obtained. 
 
• For a more precise analysis of hydrogen storage process into carbon-based material, a 
complete three-dimensional model of the hydrogen-side electrode should be 
constructed and applied, with comparison of the theoretical outputs with experiments 
wherever possible. 
 
 
• The lower side of the electrochemical cell in this thesis where the two electrodes are 
located should be modified by reducing the gap between the oxygen and hydrogen 
side electrodes to minimise the internal resistance and allow the cell to work properly 
in discharge mode as well.  
 
• It is recommended to modify the fabrication of electrode especially for the graphitic 
sample since their structure is very sensitive to the location of their particles. For 
activated carbon, the way of making the electrode from the cubic mould is acceptable 
as its structure is porous and is very random, but for the graphite samples a more 
controllable electrode-fabrication method is required. 
 
 
• More research is needed to investigate the effect of parameters such as temperature in 
the hydrogen-side electrode and pressure on the oxygen-side electrode in a proton 
battery. It would be preferable to perform the discharge cycles at various 
temperatures, and also different pressures on the oxygen side, in order to achieve a 
more complete discharge.  
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